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Preface 


The aquaculture industry, which has been growing 
at a very high rate for many years now, is projected 
to continue growing at a rate higher than most 
other industries for the foreseeable future. This 
growth has mainly been driven by static catches 
from most fisheries and a decline in stocks of many 
major commercially caught fish species, combined 
with the ever-increasing need for marine protein 
due to continuing population growth. An increased 
focus on the need for fish in the diet, due to mount¬ 
ing evidence of the health benefits of eating more 
fish, will also increase the demand. 

There has been rapid development of technology 
in the aquaculture industry, particularly as used in 
intensive aquaculture where there is high produc¬ 
tion per cubic metre farming volume. It is predicted 
that the expansion of the aquaculture industry will 
lead to further technical developments with more, 
and cheaper, technology being available for use in 
the industry in future years. 

The aim of this book is to give a general overview 
of the technology used in the aquaculture industry. 
Individual chapters focus on water transfer, water 
treatment, production units and additional equip¬ 
ment used on aquaculture plants. Chapters where 
equipment is set into systems, such as land-based 
fish farms and cage farms, are also included. The 
book ends with a chapter on systematic methodo¬ 
logy for planning a full aquaculture facility. 

The book is based on material successfully used 
on BSc and MSc courses in intensive aquaculture 


given at the Norwegian University of Life Sciences 
(UMB) and refined over many years, the univer¬ 
sity having included courses in aquaculture 
since 1973. In 1990 a special Master’s course was 
developed in aquaculture engineering (given in 
Norwegian), and from 2000 the university has 
also offered an English language international 
Master’s programme in aquaculture (see details at 
www.umb.no). 

During the author’s compilation of material for 
use in this book, and also for earlier books cover¬ 
ing similar fields (in Norwegian), many people 
have given useful advice. I would like especially to 
thank Svein Olav Fjcera and Tore Ensby. Further 
thanks also go to my colleagues at UMB: B.F 
Eriksen, P.H. Heyerdahl, T.K. Stevik and, from 
earlier, colleagues and students: V. Tapei. Mott, A. 
Skar, P.O. Skjervold, G. Skogesal and D. E. 
Thommassen. 

New chapters have been included in this edition 
and I would like to thank my colleagues Bjprn 
Frode Eriksen, John Mosby and Asbjprn Bergheim 
(IRIS) for good discussions. 

Tore Ensby has drawn the majority of the line 
illustrations contained in the book (in a couple of 
instances based on figures from accredited third 
party sources). All the photographs included in the 
book have been taken by the author. 

O.I. Lekang 
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1 

Introduction 


1.1 Aquaculture engineering 

During the past few years there has been consider¬ 
able growth in the global aquaculture industry. 
Many factors have made this growth possible. One 
is developments within the field of aquaculture 
engineering, for example improvements in techno¬ 
logy that allow reduced consumption of fresh water 
and development of re-use systems. Another is the 
development of offshore cages: sites that until a few 
years ago not were viable for aquaculture purposes 
can be used today with good results. The focus on 
economic efficiency and the fact that salaries are 
increasing have also resulted in the increased use of 
technology to reduce staff numbers. 

The development of new aquaculture species 
would not have been possible without the contribu¬ 
tion of the fisheries technologist. Even if some tech¬ 
niques can be transferred for the farming of new 
species, there will always be a need for technology 
to be developed and optimized for each species. An 
example of this is the development of production 
tanks for flatfish with a larger bottom surface area 
than those used for pelagic fish. 

Aquaculture engineering covers a very large 
area of knowledge and involves many general engi¬ 
neering specialisms, such as mechanical engineering, 
environmental engineering, materials technology, 
instrumentation and monitoring, and building 
design and construction. The primary aim of aqua¬ 
culture engineering is to utilize technical engineer¬ 
ing knowledge and principles in aquaculture and 


biological production systems. The production of 
fish has little in common with the production of 
nails, but the same technology can be used in both 
production systems. It is therefore a challenge to 
bring together both technological and biological 
knowledge within the aquaculture field. 

1.2 Classification of aquaculture 

There are a number of ways to classify aquaculture 
facilities and production systems, based on the 
technology or the production system used. 

‘Extensive’ ‘intensive’ and ‘semi-intensive’ are 
common ways to classify aquaculture based on 
production per unit volume (m^) or unit area (m^) 
farmed. Extensive aquaculture involves production 
systems with low production per unit volume. The 
species being farmed are kept at a low density and 
there is minimal input of artificial substances 
and human intervention. A low level of technology 
and very low investment per unit volume farmed 
characterize this method. Pond farming without 
additional feeding, like some carp farming, is a typi¬ 
cal example. Sea ranching and restocking of natural 
lakes may also be included in this type of farming. 

In intensive farming, production per unit volume 
is much higher and more technology and artificial 
inputs must be used to achieve this. The investment 
costs per unit volume farmed will of course also 
be much higher. The maintenance of optimal 
growth conditions is necessary to achieve the growth 
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potential of the species being farmed. Additional 
feeding, disease control methods and effective breed¬ 
ing systems also characterize this type of farming. 
The risk of disease outbreaks is higher than in exten¬ 
sive farming because the organism is continuously 
stressed for maximal performance. Salmon farming 
is a typical example of intensive aquaculture. 

It is also possible to combine the above produc¬ 
tion systems and this is called semi-intensive aqua¬ 
culture. An example is intensive fry production 
combined with extensive on-growing. Aquacultural 
systems can also be classified according to the life 
stage of the species produced on the farm, for 
instance eggs, fry, juvenile or on-growing. Farms 
may also cover the complete production process, 
and this is called full production. 

Depemding on the type of farming technology 
used, there are also a number of classifications 
based on the design and function of the production 
unit. This will of course be species and life-stage 
dependent. For fish the following classifications 
may be used; (1) closed production units, where the 
fish are kept in an enclosed production unit sepa¬ 
rated from the outside environment; (2) open pro¬ 
duction units, where the unit has permeable walls 
(e.g. nets) and so the fish are partly affected by the 
surrounding environment. It is also possible to clas¬ 
sify the farm based on where it is located: within the 
sea, in a tidal zone or on land. 

Land-based farms may be classified by the type 
of water supply for the farm: water may be gravity- 
fed or pumped. In gravity-fed systems the water 
source is at a higher altitude than the farm and the 
water flows by gravity from the source to the farm. 
In pumped systems, the source can be at an equal or 
lower altitude compared with the farm. For tidal 
through-flow farms, water supply and exchange are 
achieved using the tide. 

Farms can also be classified by how the water 
supplied to a farm is used. If the water is used once, 
flowing directly through, it is named a flow-through 
system. If the water is used several times, with the 
outlet water being recycled, it is a water re-use or 
recirculating aquaculture system (RAS). It is also 
possible to separate production systems as mono¬ 
culture or polyculture; monoculture involves the 
production of only one species (e.g. fish), whereas 
polyculture involves the production of two or more 
(e.g. fish and rice). This is also named ‘integrated 
aquaculture’. 


1.3 The farm: technical components 
in a system 

In a farm the various technical components included 
in a system can be roughly separated as follows: 

• Production units 

• Water transfer and treatment 

• Additional equipment (feeding, handling and 
monitoring equipment). 

To illustrate this, two examples are given: a land- 
based hatchery and juvenile farm, and an on-growing 
sea cage farm. 

1.3.1 Land-based hatchery and juvenile 
production farm 

Land-based farms normally utilize much more 
technical equipment than sea cage farms, especially 
intensive production farms with a number of tanks. 
The major components are as follows (Fig. 1.1); 

• Water inlet and transfer 

• Water treatment facilities 

• Production units 

• Feeding equipment 

• Equipment for internal fish transport and size 
grading 

• Equipment for transport of fish from the farm 

• Equipment for waste and wastewater treatment 

• Instrumentation and monitoring systems. 

Water inlet and transfer 

The design of the inlet depends on the water source: 
sea water or fresh water (lakes, rivers), or surface 
water or groundwater. It is also quite common to 
have several water sources in use on the same farm. 
Further, it depends whether the water is fed by 
gravity or whether it has to be pumped, in which 
case a pumping station is required. Water is nor¬ 
mally transferred in pipes, but open channels may 
also be used. 

Water treatment facilities 

Water is usually treated before it is delivered to the 
fish. Equipment for removal of particles prevents 
excessively high concentrations reaching the fish; 
additionally, large microorganisms may be removed 
by the filter. Water may also be disinfected to reduce 
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Figure 1.1 Example of major compo¬ 
nents in a land-based hatchery and 
juvenile production plant. 


the burden of microorganisms, especially that used 
on eggs and small fry. Aeration may be necessary to 
increase the concentration of oxygen and to remove 
possible supersaturation of nitrogen and carbon 
dioxide. If there is lack of water or the pumping 
height is large, pure oxygen gas may be added to the 
water. Another possibility if the water supply is lim¬ 


ited is to re-use the water, although this will involve 
considerable water treatment. For optimal develop¬ 
ment and growth of the fish, heating or cooling of 
the water may be necessary; in most cases this will 
involve a heat pump or a cold-storage plant. If the 
pH in a freshwater source is too low, pH adjustment 
may be part of the water treatment. 
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Production units 

The production units necessary and their size and 
design will depend on the species being grown. In 
the hatchery there will either be tanks with upwelling 
water (fluidized eggs) or units where the eggs lie on 
the bottom or on a substrate. After hatching the fish 
are moved to some type of production tank. Usually 
there are smaller tanks for weaning and larger tanks 
for further on-growing until sale. Start-feeding tanks 
for weaning are normally under a roof, while on- 
growing tanks can also be outside. 

Feeding equipment 

Some type of feeding equipment is commonly used, 
especially for dry feed. Use of automatic feeders will 
reduce manual work on the farm. Feeding at inter¬ 
vals throughout the day and night may also be pos¬ 
sible; the fish will then always have access to food, 
which is important at the fry and juvenile stages. 

Internal transport and size grading 

Because of fish growth it is necessary to divide the 
group to avoid fish densities becoming too high. 
It is also common to size grade to avoid large 
size variations in one production unit; for some 
species this will also reduce the possibilities for 
cannibalism. 

Transport offish 

When juvenile fish are to be transferred to an 
on-growing farm, there is a need for transport. 
Either a truck with water tanks or a boat with a well 
is normally used. The systems for loading may be an 
integral part of the farm construction. 

Equipment for waste handling and wastewater 
treatment 

Precautions must be taken to avoid pollution from 
fish farms, including compulsory treatment of gen¬ 
eral waste. Dead fish must be treated and stored 
satisfactorily, for example put in acid or frozen for 
later use. Dead fish containing traces of antibiotics 
or other medicines must be destroyed by legal 
means. Whether wastewater treatment is necessary 
will depend on the conditions where the effluent 


water is discharged. Normally there will at least be a 
requirement to remove larger suspended particles. 

Instrumentation and monitoring 

In land-based fish farms, especially those 
dependent on pumps, a monitoring system is 
essential because of the economic consequences if 
pumping stops and the water supply to the farm is 
interrupted: the oxygen concentration in the water 
will fall and may result in total fish mortality. 
Instruments are being increasingly used to control 
water quality, for instance to ensure optimal 
production. 

1.3.2 On-growing sea cage farm 

Normally a sea cage farm can be run with rather 
less equipment than land-based farms, the major 
reason being that water transfer and water treat¬ 
ment (which is not actually possible) are not neces¬ 
sary because the water current ensures water supply 
and exchange. The components necessary are as 
follows (Fig. 1.2): 

• Production units 

• Feeding equipment 

• Working boat 

• Equipment for size grading 

• Base station. 

Production units 

Sea cages vary greatly in construction and size; the 
major difference is the ability to withstand waves, 
and special cages for offshore farming have been 
developed. It is also possible to have system cages 
comprising several cages, or individual cages. 
The cages may also be fitted with a gangway to the 
land. Sea cages also include a mooring system. To 
improve fish growth, a subsurface lighting system 
may be used. 

Feeding equipment 

It is common to install some type of feeding system 
in the cages because of the large amounts of feed 
that are typically involved. Manual feeding may 
also be used, but this involves hard physical labour 
for the operators. 
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Figure 1.2 Example of major compo¬ 
nents in an on-growing sea cage farm. 


Working boat 

All sea cage farms need a boat, and a large variety of 
boats are used. Major factors for selection are size 
of the farm, whether it is equipped with a gangway, 
and the distance from the land base to the cages. 
Faster and larger boats are normally required if the 
cages are far from land or in weather-exposed water. 

Size grading 

Equipment for size grading can be necessary if 
this is included in the production plan. It may, 
however, be possible to rent this as a service from 
subcontractors. 

Base station 

All cage farms will include a base station; this may 
be based on land, floating on a barge, or both. The 


base station can include storage rooms, mess rooms, 
changing rooms and toilet, and equipment for treat¬ 
ment of dead fish. The storage room includes rooms 
and/or space for storage of feed; it may also include 
rooms for storage of nets and possibly storage of 
equipment for washing, maintaining and impreg¬ 
nating them. However, this is also a service that is 
commonly rented from subcontractors. 

1.4 Future trends: increased 
importance of aquaculture engineering 

Growth in the global aquaculture industry will 
certainly continue, with several factors contribut¬ 
ing to this. The world’s population continues to 
grow as will the need for marine protein. 
Traditional fisheries have limited opportunities to 
increase their catches if sustainable fishing is to be 
achieved. Therefore, increases in production must 
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come from the aquaculture industry. In addition, 
the aquaculture industry can deliver aquatic 
products of good quality all year round, which 
represents a marketing advantage compared with 
traditional fishing. The increased focus on optimal 
human diets, including more fish than meat in the 
diet for large groups of the world’s population, 
also requires more fish to be marketed. 

This will present future challenges for aquaculture 
engineers. Most probably there will be an increased 
focus on intensive aquaculture with higher production 
per unit volume. Important challenges to this growth 
will be the availability of fresh water resources and 
good sites for cage farming. Because of the limited 
supplies of fresh water in the world, technology that 
can reduce water consumption per kilogram of fish 
produced will be important; this includes reliable and 
cost-effective re-use technology. By employing re-use 
technology it will also be possible to maintain a con¬ 
tinuous supply of high-quality water independently of 
the quality of the incoming water. More accurate con¬ 
trol over water quality will also be of major impor¬ 
tance when establishing aquaculture with new species, 
especially during the fry production stage. 

The trend to use more and more weather-exposed 
sites for cage farms will continue. Development of 
cages that can not only withstand adverse weather 
conditions but also be operated easily in bad 
weather, and where fish feeding and control can be 
performed, is important. 

Rapid developments in electronics and monitoring 
will gradually become incorporated into the aqua¬ 
culture industry. Intensive aquaculture will develop 
into a process industry where the control room will 
be the centre of operations and processes will be 
monitored by electronic instruments; robots will 
probably be used to replace some of today’s manual 
functions. Nanotechnology will be exploited, by using 
more and smaller sensors for many purposes; an 
example would be to include sensors in mooring 
lines and net bags to monitor tension and eventual 
breakage. Individual tagging of fish will most proba¬ 
bly also be a future possibility, which makes control 
of the welfare of the single individual possible, and 
could be important in the control of escaped fish. 

The focus on the sustainability of aquaculture 
production is also increasing. This includes feed 
sources, escape of fish, use of water, and discharge 
from aquaculture. Zero discharge aquaculture will 
be a more important topic in the future. 


1.5 This textbook 

This book aims to provide a general basic review of 
the whole area of aquaculture engineering and is 
based on my two previously published books on 
aquaculture engineering written in Norwegian. 
Several of the illustrations in this book are based on 
illustrations in these previously published books. The 
textbook is primarily intended for the introductory 
course in aquaculture engineering for the Bachelor 
and Master degrees in aquaculture at the Norwegian 
University of Life Sciences (UMB). Several other 
textbooks dealing with parts of the syllabus are 
available and referred to in later chapters. The same 
is the case with lecture notes from more advanced 
courses in aquaculture engineering at UMB. 

The focus of the book is on intensive fish farming, 
where technology is and will become increasingly 
important. Most of it concerns fish farming, but 
several of the subjects are general and will have 
much interest for molluscan and crustacean shellfish 
farmers. 

Starting with water transport, the book contin¬ 
ues with an overview chapter on water quality 
and the need for and use of different water treat¬ 
ment units, which are described in the following 
chapters. A chapter on production unit classifica¬ 
tion is followed by chapters on the different pro¬ 
duction units. Chapters devoted to additional 
equipment such as that for feed handling and fish 
handling, instrumentation, monitoring and build¬ 
ings follow. Chapters on planning of aquaculture 
facilities and their design and construction con¬ 
clude the book. 

New in this edition are several chapters on 
water treatment and how fish metabolism affects 
water quality and on natural re-use systems for 
both nutrients and water, including polyculture, 
integrated aquaculture, aquaponics and biofloc 
systems. The increased focus on the interaction 
between the aquaculture industry and society is 
highlighted in these chapters. 
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Water Transport 


2.1 Introduction 

All aquaculture facilities require a supply of water. 
It is important to have a reliable, good-quality 
water source and equipment to transfer water to 
and within the facility. The volume of water needed 
depends on the size of the facility, the species and 
the production system, and in some cases can be 
very large, up to several hundred cubic metres per 
minute (Fig. 2.1). This is equivalent to the water 
supply to a fairly large village, considering that in 
Norway a normal value for the water supply per 
person is up to 180 litres per day. 

If the water supply or distribution system fails, it 
may result in disaster for the aquaculture facility. 
This also emphasizes the importance of appropriate 
knowledge in this area. Correct design and con¬ 
struction of the water inlet system is an absolute 
requirement in order to avoid the problems that 
may become apparent, for example, when the inlet 
system is too small and the water flow rate to the 
facility is lower than expected. 

The science of the movement of water is called 
hydrodynamics, and in this chapter the important 
factors of this field are described with emphasis on 
aquaculture. In addition, a description of the actual 
materials and parts for water transport are given: 
pipes, pipe parts (fittings) and pumps. Much more 
specific literature pertaining to all these fields is 
available (basic fluid mechanics,^^^ pipes and pipe 
parts,''^ pumps’^^). 


2.2 Pipe and pipe parts 
2.2.1 Pipes 
Pipe materials 

In aquaculture the common way to transport water is 
through pipes. However, in some cases open channels 
are also used: for transport into the farm, for distribu¬ 
tion inside the farm and for exit from the farm. They 
are normally built of concrete and are quite large, so 
the water is transported at low velocity. Channels may 
also be excavated in earth, for example to supply the 
water to earth ponds. The advantages of open chan¬ 
nels are their simple construction and the ease with 
which water flow can be controlled visually; the disad¬ 
vantages are the requirement for a constant slope 
over the total length and that there can be no pressure 
in an open channel. Other disadvantages include the 
greater exterior size compared with pipes, and the 
noise inside the building when water is flowing. 

Plastics, mainly thermoplastics, are the most 
commonly used materials for pipes. Thermoplastic 
pipes are available in many different qualities with 
different characteristics and properties (Table 2.1). 
Thermoplastic is a type of plastic that becomes liq¬ 
uid when heated and hard when cooled.“ Thermo¬ 
plastic pipes can be divided into weldable (typically 
polyethylene, PE) and glueable (polyvinyl chloride, 
PVC) depending on the way the pipes are connected. 
The opposite of thermoplastic is hardened plastic. 
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Figure 2.1 The supply of water to 
a fish farm can be up to several 
hundred cubic metres per minute, 
as here for a land-based fish farm 
for growing of marked size Atlantic 
salmon. 


Table 2.1 Typical characteristics of actual pipe materials. 


Material 

Temperature range (°C) 

Common pressure classes (bar) 

Common size range (mm) 

PE 

-40 to -r 60 

3.2,4,6,10 and 25 

20-1600 

PP 

0 to -r 100 

10 and 16 

16-400 

PVDF 

-40 to -r 140 

16 

16-225 

PVC-U 

0 to -r 60 

4,6,10,16 and 25 

6-400 

PVC-C 

0 to -r 80 

16 

16-225 

ABS 

-40 to -r 60 

16 

16-225 


such as fibreglass, which comprises a plastic matrix 
impregnated with glass fibres; after hardening it 
is impossible to change its shape, even by heating. 
Fibreglass can be used in critical pipes and pipe 
parts, but only in special cases (see later). 

It is also important that materials used for pipes 
are non-toxic for fish.^^ Copper, much used in pip¬ 
ing inside houses, is an example of a commonly 
used material that is not recommended for fish 
farming because of its toxicity. In the past, steel, 
concrete or iron pipes were commonly used, but 
today these materials are seldom chosen because 
of their price, duration and laying costs. 

PE pipes are of low weight, simple to handle, and 
have high impact resistance and good abrasion resist¬ 
ance. Nevertheless, these pipes may be vulnerable to 
water hammer or vacuum effects (see section 
Pressure class). PE pipes are available in a wide vari¬ 
ety of dimensions and pressure classes; they are nor¬ 
mally black or grey but other colours are also used. 
Small diameter pipes may be delivered in coils, while 


larger sizes are straight, with lengths commonly 
between 3 and 6 m. PE may be used for both inlet 
and outlet pipes. PE piping must be fused together 
for connection; if flanges are fused to the pipe fit¬ 
tings, pipes may be screwed together. 

PVC is used in pipes and pipe parts inside the 
fish farm and also in outlet systems. This material 
is of low density and easy to handle. Pipe and parts 
are simple to join together with a special solvent 
cementing glue. A cleaning liquid dissolves the 
surface and makes gluing possible. A large variety 
of pipe sizes and pipe parts is available. When using 
this kind of piping, attention must be given to the 
temperature: below 0°C this material becomes 
brittle and will break easily. PVC is also vulnerable 
to water hammer. There are questions concerning 
the use of PVC materials because poisonous gases 
are emitted during burning of leftover material. 
There is a trend against more use of PE. 

Fibreglass may be used in special cases, for 
example in very large pipes (usually over Im in 
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diameter). The material is built up in two or three 
layers: a layer of polyester that functions like a glue; 
a layer with a fibreglass mat that acts as reinforce¬ 
ment; and quartz or sand. The ratio between these 
components may vary with the pressure and stiffness 
needed for the pipe. A pipe is normally constructed 
with several layers of fibreglass and polyester. 
Fiberglass has the advantages that it tolerates low 
temperatures, is very durable and may be constructed 
so that it can tolerate water hammer and vacuum 
effects. The disadvantage is the low diversity of pipes 
and pipe parts available. For joining of parts, the only 
options are to construct sockets on site using layers 
of polyester and fibreglass, or to use pipes equipped 
with flanges by the manufacturer that can be screwed 
together with a gasket in between. 

Materials such as polypropylene (PP), acrylonitrile- 
butadiene-styrene (ABS) and polyvinyl difluoride 
(PVDF) have also been introduced for use in the 
aquaculture industry, but to a minor degree and for 
special purposes only. They are also more expensive 
than PE and PVC. 

Pressure class 

Each pipe and pipe part must be thick enough to tol¬ 
erate the pressure of water flowing through the sys¬ 
tem. To install the correct pipes it is therefore 
important to know the pressure of the water that will 
flow through them. The pressure (PN) class indicates 
the maximum pressure that the pipes and pipe parts 
can tolerate. The pressure class is given in bar, where 
lbar=10m water column (mFl20) = 98 lOOPa; for 
instance, a PN4 pipe will tolerate 4 bar or a 40-m 
water column. This means that if the pressure inside 


the pipe exceeds 4 bar the pipe may split. In fish farm¬ 
ing, pressure classes PN4, PN6 and PNIO are com¬ 
monly used. Pipes of different PN classes vary in wall 
thickness: higher pressure requires thicker pipe walls. 
Pipes of higher PN class will of course cost more, 
because more material is required to make them. 

A complete inlet pipe, from the source to the 
facility, may be constructed with pipes of different 
PN classes. If, for instance, the water source to a fish 
farm is a lake located 100 m above the farm, a PN4 
pipe can be used for the first 40-m drop, a PN6 pipe 
for the following 20-m drop, and a PNIO pipe on the 
final 40-m drop. 

Some problems related to pressure class are as 
follows: 

• Water hammer, this can occur, for instance, when a 
valve in a long pipe filled with water is closed rap¬ 
idly. This will generate high local pressure in the 
end of the pipe, close to the valve, because it takes 
some time to stop the moving mass of water inside 
the pipeline. The result is that the pipe can ‘blow’. 
Rapid closing of valves must therefore be avoided. 
Water hammer may also occur with rapid starting 
and stopping of pumps. However, this can be dif¬ 
ficult to inhibit and it may be necessary to use spe¬ 
cial equipment to damp the water hammer effect. 
A tank with low-pressure air may be added to the 
pipe system: if there is water hammer in the pipes, 
the air in this tank will be compressed and this 
reduces the total hammer effect in the system. 

• Vacuum: this may be generated in a section of 
pipe, for example, when it is laid at different 
heights (over a crest) and which then functions as 
a siphon (Fig. 2.2). A vacuum may then occur on 


Special automatic degassing valve 

Gas bubble 

Siphon effect 



Water source 

Weight 


Figure 2.2 A vacuum may occur 
inside the pipe on the top crest causing 
deformation. 
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Figure 2.3 Valve types used on aquaculture facilities: (A) diagrams showing valve cross-sections; (B) ball valve; 
(C) angle seat valve; (D) diaphragm or membrane valve; (E) butterfly valve. 


the highest crest. It is recommended that such 
conditions are avoided, because the pipeline may 
become deformed and collapse because of the 
vacuum. Pipes are normally not certified for 
vacuum effects; however, if vacuum effects are 
possible, it is recommended that a pipe of higher 
pressure class is used where the vacuum may 
occur. By using pipes with thicker walls, higher tol¬ 
erance to vacuum effects is achieved; alternatively. 


a fibreglass pipe which tolerates a higher vacuum 
could be employed. 

Classification of pipes 

Pipe diameters are standardized. A number of sizes 
are available for various applications in different 
industries. In aquaculture, pipes with the following 
external diameters (mm) are generally used: 20,25, 
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(D) 



Figure 2.3 Continued. 


32,40,50,63,75,90,110,125,160,180,200,225,250, 
280,315,355,400,450,500,560 and 630.The internal 
diameter, used when calculating the water velocity 
in the pipeline, is found by subtracting twice the 
wall thickness. Higher pressure class pipes have 
thicker walls than lower pressure class pipes. 

All pipes and pipe parts must be marked clearly by 
the producer. For pipes the marking print on the pipe 
is normally every metre, and for pipe parts there is a 
mark on every part. The following is included in the 
standardized marking; pipe material, pressure class, 
external diameter, wall thickness, producer and the 
date when the pipe was produced. It is important to 
use standardized pipe parts when planning fish farms. 

2.2.2 Valves 

Valves are used to regulate the water flow rate and 
the flow direction. Many types of valve are used in 
aquaculture (Fig. 2.3). Which type to use must be 


(E) 



chosen on the basis of the flow in the system and 
the specific needs of the farm. Several materials are 
used in valves, such as PVC, ABS, PP and PVDF, 
and the material chosen depends on where the 
valves will be used. Large valves may also be 
fabricated in stainless or acid-proof steel. 

Ball valves are low-cost solutions used in aquacul¬ 
ture. The disadvantage is that they are not very precise 
and are best used in an on-off manner or for 
approximate regulation of water flow. The design is 
simple and consists of a ball with an opening in the 
centre. When turning it will gradually open or close, 
but it is difficult to achieve exact regulation. 

Valves containing a membrane pulled down by a 
piston are called diaphragm or membrane valves. 
These valves can regulate water flow very accurately. 
They cost considerably more than a ball valve, 
and the head loss through the valve is significantly 
higher. Angle seat valves have a piston standing in 
an angled ‘seat’. When the screw handle is turned 
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the piston moves up or down, gradually reducing 
the opening. This type of valve is also capable of 
accurate flow regulation, but is quite expensive and 
also has a higher head loss than a ball valve. For 
accurate flow regulation, for instance on single 
tanks, diaphragm valves or angle seat valves are 
recommended. However, when selecting these 
types of valves it is important to be aware that 
the head loss can be over five times as high as with 
a ball valve. 

Butterfly valves are usually located in large pipes 
(main pipeline or part pipelines) and regulate 
water flow by opening or closing a throttle. A 
slide valve or gate valve can be used in the same 
situation. This consists of a gate or slide that stands 
vertically in the water flow, which is regulated by 
lifting or lowering the plate by a spindle. This valve 
type is also used in large-diameter pipelines, but 
both butterfly valves and sluice valves are quite 
expensive, especially in large sizes. However, it is 
better to use too many valves than too few. It is 
always an advantage to have the facility to turn 
off the water flow at several places in the farm, 
for instance for maintenance. Conversely, these 
types of valves are not recommended for precise 
regulation of water flow. 

The check or ‘non-return’ valve is used to avoid 
the backflow of water, so that water can only flow 
in one direction in the pipe system. In many 
cases it is used in a pump outlet to avoid backflow 
of water when the pump stops. Normally the valve 
comprises a plate or ball that closes when the 
water flow reverses. Triple-way valves may regulate 
the flow in two directions to create a bypass. Many 
other types of valves are available, for instance 
electrically or pneumatically operated valves that 
make it possible to regulate water flow automatically. 
In new and advanced fish farms such equipment 
is of increasing interest, especially when saving of 
water is necessary. 

It is important to remember, however, that all 
valves create a head loss, the size of which depends 
on the type of valve being used; for example, dia¬ 
phragm valves have a high head loss. This must be 
considered when planning the farm. When deciding 
which valve types to use, it is essential to have 
enough pressure to ensure that the correct flow 
rate is maintained through the valves; if the head 
loss is too high, water flow into or inside the farm 
will be decreased. 
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Figure 2.4 Cross-sections of fittings used in aquacuiture. 


2.2.3 Pipe parts: fittings 

A large variety of pipe parts can be found, 
especially for PE and PVC pipes (Fig. 2.4). Various 
bends or elbows are normally used in aquaculture. 
T-pipes are also used to connect different pipes. 
Different conversion parts allow the connection 
of pipes or equipment with different diameters. 
Sockets, flanges or unions are used to connect pipes 
or pipe parts. Sometimes end-caps are used to close 
pipes that are out of use. A particularly useful part 
is the repair socket, which allows connection of an 
additional pipe (a T-pipe) to a pipeline where the 
water in the installation flows continuously, which 
means that connections can be made to pipelines 
that are in use. 


2.2.4 Pipe connections: jointing 

The connection or jointing of pipes and pipe parts 
may be executed in various ways depending on the 
material used to make the pipe and the pipe part 
(Fig. 2.5). For PE, fusing (heating) is the only pos¬ 
sible jointing method. This process may be carried 
out by a blunt heating mirror or by electrofusion. 
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Figure 2.5 Connection methods used for different pipe 
materials and in different places. 


When using a fusion mirror, both the pipes to be 
joined are heated on the mirror to make them soft 
and adhesive; then the mirror is removed and the 
pipes are pressed together. The materials of the 
two parts are fused together and form a fixed 
connection. Resistance wire is an integral part of 
an electrofusion socket. When an electric current 
is passed, the material around the wire will fuse, 
including the two pipe parts added to the socket, 
and thus a fixed connection is established. 

Pipes that are fused or glued together are perma¬ 
nently connected and cannot be separated. If there 
is a need to create non-permanent connections, it is 
possible to use flanges fused or glued to the separate 


pipe parts which are then screwed together. To 
obtain a completely watertight connection a gasket 
is placed between the parts before they are screwed 
together. A union is a very easy pipe connection 
to separate. It is always desirable to have some 
non-permanent connections because sometimes it 
is necessary to separate the pipeline for maintenance 
and exchange of equipment. The ability to exchange 
pipes and pipe parts in the water department of a 
fish farm must also be considered because of the 
need to allow for possible increase in farm produc¬ 
tion and also because of the constant requirement 
for modernization of equipment. 

It is common to use sliding sockets in the outlet 
pipe. This kind of connection system can only be 
used on unpressurized or very low pressure pipe¬ 
lines (<0.2 mHjO). If this type of connection is used 
on pressurized pipes they will easily slide apart. 

2.2.5 Mooring of pipes 

Pipes may carry large amounts of water at high 
velocities. This generates large forces that may 
cause movement of the pipe. In the worst case this 
can damage the pipeline. For this reason a correct 
mooring system for the pipeline is of great impor¬ 
tance (Fig. 2.6). 

When there is a reduction in pipe size, or when 
using T-pipes or elbows, there is an increase in 
the forces dependent on the velocity, and there 
will normally be a need for mooring to avoid 
movement and breakage of pipes. Putting the 
pipes in a ditch will stabilize them and the ditch 
will function as a mooring for the pipe. In exposed 
places, however, it may also be necessary to 
have additional moorings; concrete blocks may, 
for instance, be used on elbows. This also shows 
the importance of having smooth pipe linings. In 
indoor facilities clamps are used to attach the 
pipes to the ceiling, walls or floor, and in this way 
moor and stabilize the pipes. 

Inlet or outlet pipes placed underwater or under 
the surface in the sea or lakes require moorings. 
Specially designed concrete block weights are nor¬ 
mally used to moor pipes to the ground (Fig. 2.6) to 
prevent them floating to the surface as a result of 
their buoyancy, especially when they are empty or 
only partly filled with water. The distance between 
weights depends on pipe type, diameter, weight, 
and expected water flow. When placing outlet pipes 
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Figure 2.6 It is important that pipes are moored to avoid movement and possible breakages. On inlet pipes in the sea 
or in lakes specially designed block weights are used. 


under the surface, it is important to consider the 
weight of the pipe both when filled with water and 
filled with air, buoyancy being much greater in the 
latter case, which will also increase the require¬ 
ments for weights. Usually pipe suppliers have their 
own mooring tables with recommended block 
weights and distance between them. 

2.2.6 Ditches for pipes 

Inlet and outlet pipes may be laid on the surface 
or in ditches (Fig. 2.7). It is generally cheaper to lay 
the pipes on the surface, but it is then more impor¬ 
tant to moor them, especially in connection with 
obstructions. However, pipes on the surface may 
impede transport and it can therefore be necessary 
to lay them in ditches. If the pipe is placed in a ditch, 
care must be taken to avoid any damage when 
heavy traffic passes over the ditch. Therefore the 
ditch must be constructed and overfilled with gravel 
correctly. A ditch may be constructed in the 
following way: a layer of compressed crushed rock 


Ordinary earth filler 



Gravel as a basement levelling layer 


Figure 2.7 It is important that ditches for pipes are 
correctly designed. 


or gravel is laid as a base for the pipe and the pipe 
is laid with sufficient slope (>0.05%). Fine gravel is 
placed around and over the pipe to create good 
protection; this should only be hand compressed. 
Afterwards the ditch is filled with ordinary ditch 
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material until ground level is reached, although it 
is normal practice to overfill slightly to allow for 
settlement of the fill material. 

The use of ditches will also improve the farm 
aesthetically because there are no pipes on the 
surface. Ditches also improve the possibilities for 
public traffic to use the area. 

2.3 Water flow and head loss 
in channels and pipe systems 

2.3.1 Water flow 

The amount of water that flows through a pipe or 
in an open channel depends on the water velocity 
and the cross-sectional area of the pipe or channel 
where the water is flowing. The following equation 
may be used for pipes and channels and is called 
the continuity equation: 

Q=VA 

where Q represents water flow (L/min, L/s, m^/s), 
V water velocity (m/s) and A cross-sectional area 
of pipe or channel where the water is flowing. For 
pipes that are full the cross-sectional area will be 
the interior cross-section of the pipe. 

This equation can be used as a basis for construc¬ 
tion of a chart. If two of the sizes are known, the last 
can be read from the chart and no calculation is 
necessary. Often the head loss is also included in the 
chart (see later). 


Therefore 

0.011 
n 

r=0.059 m 
r=59mm 

The internal diameter in the pipe must therefore 
be 2 X 59 = 118mm. Standard dimension pipes are 
available with an exterior diameter of 125 mm; a 
PN6 pipe with a wall thickness of 6 mm (supplier 
information) therefore has an internal diameter of 
113 mm. This is actually slightly too small, but as 
the next stardard exterior dimension is 160mm, it 
is best to choose the 125-mm pipe. This will result in 
the water velocity being slightly higher. 

For an open channel the flow velocity depends on 
the slope, the hydraulic radius and the Manning 
coefficient. The Manning equation is used to 
calculate the flow velocity: 


n 

where V represents average flow velocity in the 
channel, P hydraulic radius, S channel slope and n 
the Manning coefficient. The hydraulic radius is the 
ratio between the cross-sectional area where the 
water is flowing and the wetted perimeter, which is 
the length of the wetted surface of the channel 
measured normal to the flow. 


Example 

The water flow to a farm is 1000 L/min (0.0167 mVs). 
The acceptable velocity in the pipeline is set at 1.5 m/s. 
Find the necessary pipe dimensions if one pipe is 
to be used. 

A=QIV 

A=0.0167/1.5 

A=0.011m" 

Now 


A=nr^ 


where r is the internal radius of the pipe and 
rearranging gives 


r = 



cross-sectional area 

J\ — - 

wetted perimeter 

To achieve water transport through the channel it 
must be inclined. The slope is defined as the ratio of 
the difference in elevation between two points in the 
channel and the horizontal distance between the 
same two points. 

Example 

The horizontal distance between two points A and B 
is 500 m. Point A is 34 m above sea level and point B 
is 12m above sea level Calculate the slope (S) of the 
channel. 

5=(34-12)/500 

5=0.044 

5=4.4cm/m 
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This means that for each metre of elevation the 
horizontal distance is 22.7m. 


To ensure drainage, it is recommended that the 
slope is more than 0.0013, while self-cleaning is 
ensured with slopes in the range 0.005-0.010.^^ 

The Manning coefficient is determined by 
experiment, some actual values being about 0.015 
for concrete-lined channels and 0.013 for plastic, 
while unlined channels made of straight and 
uniform earth have a value of 0.023 and those made 
of rock 0.025.11 

Based on the flow velocity and the cross-sectional 
area, the flow rate may be calculated with the 
continuity equation, which can also be expressed as: 


vYi 

Q=VA = -^ A 

n 


where Q represents water flow, A cross-sectional 
area where the water is flowing, V average flow 
velocity in the channel, R hydraulic radius, S slope 
of the channel and n the Manning coefficient. 


2.3.2 Head loss in pipelines 

All transport of water through a pipe or a channel 
between two points results in an energy loss (head 
loss). This is caused by friction between the water 
molecules and the surroundings. In all pipe parts, 
where there is a change in water direction (bends) 
or narrow passages (valves), additional friction will 
occur; this will also increase the head loss. 

Inside a pipe there is a velocity gradient, with the 
highest water velocity in the middle of the pipe and 
the lowest close to the pipe wall because friction 
is highest against and close to the wall. In addition 
to friction loss against the wall, there will be fric¬ 
tion between the water molecules because their 
velocities are not equal. 

The amount of energy in water is constant 
(Bernoulli equation) if during passage no energy is 
supplied to or extracted from it. When friction 
occurs, the energy in the water is transformed into 
another form of energy, normally heat. This is very 
difficult to perceive with the large amounts of water 
that are common in aquaculture, since much energy 
is required to heat the water (see Chapter II). 
However, in a thin pipe with a large amount of 
water passing through at very high pressure, it is 
possible to observe heating of the water. 



Figure 2.8 Relative roughness describes the relation 
between the absolute roughness (e) and the pipe 
diameter (d). 


As a result of frictional losses when flowing 
through a pipeline, the energy of the water must be 
higher at the beginning (inlet) than at the end 
(outlet); energy lines can be used to illustrate this. If 
the water is pumped, the pump pressure must over¬ 
come these frictional energy losses in addition to 
the pump height. The energy loss (h^) due to friction 
through a pipeline may be calculated using the 
Darcy-Weisbach equation: 


2gd 


where / represents the friction coefficient, L length 
of pipeline, d diameter of pipeline (wet), V water 
velocity and g acceleration due to gravity. 

The friction coefficient depends on the pipe surface; 
this is normally called the roughness of the pipe. 
Relative roughness (r) is defined as the relation 
between the absolute roughness (e) and the diameter 
(d) of the pipe, r=eld (Fig. 2.8). High relative 
roughness gives high friction. The amount of friction 
depends on the pipe material, the connection method 
and the age of the pipe. For example, a new plastic 
pipe will have a lower friction coefficient than an old 
pipe. The fouling that occurs in pipes that have been 
in use for some time will increase the roughness of the 
pipe. The / value for the pipe is given by the manufac¬ 
turer and for PE or PVC pipes normally ranges from 
0.025 to 0.035. For new pipes the value is lower, but 
when doing calculations values for old pipes must be 
used. The friction coefficient also depends on flow 
type. The flow pattern can be divided into laminar 
and turbulent. The frictional losses are much higher 
with turbulent flow. This will always be the case in 
pipes used in aquaculture, because the water velocity 
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is so high. Laminar flow may occur in open channels 
with low water velocity. The Reynolds number (Re) is 
a non-dimensional number used to describe the flow 
conditions. If Re is less than 2000 the flow is laminar; 
when it is above 4000 the flow is turbulent. Between 
these Re values the flow is unstable and both 
turbulent and laminar conditions may occur. Re can 
be calculated from the following equation: 



V 


where V represents average water velocity, d inter¬ 
nal pipe diameter and v kinematic viscosity. 

Kinematic viscosity is the absolute viscosity 
divided by the density of the liquid; the unit is m^/s 
(formerly the stoke was used: lSt = 10“''m%). The 
kinematic viscosity tells us something about how 
easily the liquid flows: for instance, oil will flow out 
slowly when drops are allowed to fall onto a hori¬ 
zontal plate, while water will be distributed much 
faster. The kinematic viscosity of water decreases 
with temperature, for example is it reduced from 
1.79 X 10-'5m% at 0°C to 1.00 x 10-«m% at 20°C.“ 
Salinity will also increase the kinematic viscosity of 
water: with a salinity of 3.5% it is 1.83 x 10"'’m% at 
0°C and 1.05 x 10-'^m% at 20°C. 


Example 

The average velocity of fresh water in a pipe of internal 
diameter 123.8mm (0.1238m) isl.Sm/s. The tempera¬ 
ture is 20°C. Calculate the Reynolds number. 


Re= 


Vd 


Re-- 


1.5 X 0.1238 


1 X 10" 
Re=185700 


This clearly illustrates that the water flow in the pipe 
is in the turbulent area. 


By calculating the Reynolds number and the rela¬ 
tive roughness of the pipe, the friction coefficient 
/can be found from the Moody diagram (Fig. 2.9). 

Computer programs and special diagrams 
(Fig. 2.10) are available for calculating the head loss 
caused by friction inside a pipe. It is important to be 
aware that these diagrams are specific for given 
pipes because the / value of the actual pipe is used 
to construct them. 



Figure 2.9 Principle of the Moody diagram showing 
the reiation between reiative roughness and Reynoids 
number. 


Image not available in this digital edition. 


Figure 2.10 Principle of a nomogram graphically 
showing the relation between inside diameter, flow rate 
and water velocity (based on the continuity equation) 
and how this is related to the head loss (based on the 
Darcy-Weisbach equation) for a pipeline with a given 
friction coefficient. (Source: Helgeland Holdings.) 
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Example 

Calculate the head loss in an old PE pipe with 
internal diameter of 110mm (0.11 m). The length of 
the pipe is 500 m and the velocity in the pipe is 1.5 m/s; 
the friction coefficient is 0.030. 


2gd 


0.030 X 500 X 1.5" 
2 X 9.81 X 0.11 


= 11.47 m 

m 


This means that the head loss in the water flowing 
through the pipeline is 11.47m. If the water is to 
flow in the pipe, the intake pressure must be at least 
11.47 mH^O in addition to atmospheric pressure; if 
it is less, the flow rate through the pipe will be 
reduced. 


2.3.3 Head loss in single parts (fittings) 

In addition to the head loss in the pipe there is 
energy loss due to friction in pipe parts (fittings) 
because any obstructions in the pipe which cre¬ 
ate extra turbulence will increase the head loss. 
Additional turbulence occurs in the inlet and outlet 
of the pipe, in valves, bends, reductions, connections, 
etc. The head loss can be calculated from: 

H=kV^I2g 


where represents head loss in the single part, 
k resistance coefficient for the pipe part, V water 
velocity and g acceleration due to gravity. 

Example 

Water must flow through a 90° elbow: either two 
45° elbows or one 90° elbow with k values of 0.26 
and 0.9, respectively, can be used to achieve this. The 
flow velocity is set to 1.5 m/s. Calculate the head loss 
in the two cases. 

Eor the two 45° elbows: 

H, = 'LkV^I2g 

//,= (2x0.26 X 1.5")/2x 9.81 

H^ = 0.06 m 

For the 90° elbow: 

H,= kV^I2g 

//,= (0.9xl.5")/2x9.81 

H,= 0.10m 

As this example illustrates, there is a great advantage 
in using two 45° bends rather than one 90° bend to 
reduce the head loss. This will apply, for instance, 
for the outlet pipe from a fish tank. The k values 
for different parts may be found from special 
tables (Table 2.2). They are also found in catalogues 
published by suppliers of fittings. 


Table 2.2 Typical resistance coefficients (k) for different fittings. Values of k will vary with the producer of the fitting. 


Fitting 

k 

Comments 

Pipe entrance in a basin 

0.05-1 

Lowest value with rounded inlet pipes; highest with pipes with sharp edges. The 

or in a river 


value is increased when the pipe goes into the basin 

Contraction of pipes 

0.05-0.5 

Lowest value with conical contraction and small alteration in the diameter 

Expansion of pipes 

0.05-1 

Lowest value with conical expansion and small alteration in the diameter 

Elbow 


Increasing with reduction in the pipe diameter. Long smooth bends 

90“ 

0.5-1 

will have reduced k values. Smaller angles will have lower k values 

45“ 

0.1-0.3 


T-pipe (divided flow) 

0.3-1.8 

Depends on the proportion divided from the main flow; increased with 
increased part flow 

T-pipe (connection 

0.1-0.8 

Depends on how much water is supplied via part flow in the T-pipe; increases 

flow) 


with increased size 

Valves 


Values are highly dependent on the specification and the producer of the valve. 

Ball valve 

0.1 

Values shown are for fully open valves 

Angle seat valve 

1.3 


Diaphragm valve 

4 


Check valve 

2 


Gate valve 

0.2 
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When constructing the pipe system the head 
loss that results from fittings in the pipeline must be 
considered in addition to the head loss in the 
pipe itself. The resistance of every single part must 
be added, so the sum of every single resistance plus 
the head loss in the pipeline gives the total head 
loss. When designing the inlet pipe to a fish farm, it 
is important to use smooth bends to reduce the 
total head loss in the pipeline. 

2.4 Pumps 

Pumps are mechanical devices that add energy 
to fluids by transforming mechanical energy 
(normally from electric motors) to potential and/or 
kinetic energy of the fluid. Increase in potential 
energy is illustrated by the lifting of water to an 
elevated tank, while the increase in velocity and 
hence the flow rate through a pipeline by pumping 
increases the kinetic energy of the water. Pumps are 
commonly used in aquaculture systems, usually to 
increase the system pressure and thereby force the 
water to move against an energy gradient. In most 
aquaculture situations pumps are used to lift water 
from one level to another. Water will flow only 
when energy is available to create a flow, i.e. there 
is a positive energy gradient. In hydraulic systems 
pumps are used to create the pressure, which is 
normally high. This allows the fluid to do work, such 
as turn shafts or extend a hydraulic cylinder against 
a load. Oil is commonly used in such systems, but 
those using water are also available. 

Pumps are fairly efficient machines for transfer¬ 
ring energy to water, provided they are correctly 
selected for the job. The key requirement when 
selecting a pump is that there should be a close 
correlation between the system requirements and 
the maximum operating efficiency of the pump; 
suboptimal pump selection may result in signifi¬ 
cantly increased operating and maintenance costs 
and/or result in system failure. 

2.4.1 Types of pump 

There are several types of pump based on different 
principles (Fig. 2.11). The type of pump chosen 
depends on a number of factors, including the 
amount of fluid to be pumped and its characteristics, 
and the head. 


A major pump type is the displacement pump 
in which liquid is displaced from one area to 
another. An example is the piston pump: when the 
piston moves up and down it creates, respectively, a 
vacuum and pressure, and in this way the liquid is 
transported; backflow valves must be included. 
Gear pumps and screw pumps are other types of 
displacement pump. These types of pumps may 
break if the outlet is blocked. 

The ejector pump is based on another principle. 
Here a part flowing under high pressure is used to 
draw a main stream with much higher water 
flow but lower pressure. By pumping water into a 
specially designed narrow passage a vacuum effect 
will occur and create a drag on the main stream. The 
design of the ejector is most important. This princi¬ 
ple is used in pumps for fish transport for example. 

In air-lift pumps, air is supplied inside an open pipe 
standing partly below the surface and partly filled 
with water. The air bubbles will then drag the water 
towards the surface and in this way water flow is cre¬ 
ated inside the pipe. This principle may be used to 
pump water, add air (aeration) and for fish transport. 

An endless screw pump is based on another prin¬ 
ciple; among other uses, such pumps are employed 
for sludge. For aquaculture facilities there is a need 
to pump a large amount of water with a relatively 
small lift height. Centrifugal pumps or propeller 
pumps are the most suitable and most commonly 
used. Centrifugal and propeller pumps are described 
in section 2.4.4. 

2.4.2 Some definitions 
Pump height 

When water is lifted from one level to another the 
height difference is called the static lift height. 
The lift height can either equal the pressure head (in 
the case of a submerged pump) or it can be a 
combination of vacuum and pressure head depend¬ 
ing on where the pump is placed. In addition to this, 
the pump has to overcome the head loss caused by 
friction in the pipe on both sides of the pump. If 
a manometer that measures the pressure is con¬ 
nected to the pump outlet, the measured pressure is 
the sum of the pressure head (static head) and head 
loss. When the water passes through the pump it 
needs to have certain velocity in order to flow; this is 
called the velocity head. The total pressure head is 
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Gear pump 



Sliding vane pump 


Water out Water in 



Mammut pump 

Compressor 


Piston pump 



Injector pump 


Water out 




Figure 2.11 Diagrams to show the 
principles of different pump types. 


obtained by summing the manometric height 
and velocity head. The actual pressure head at the 
end of the pipe, in addition to the difference in level, 
must also be considered, for example when the pump 
is required to deliver water to a pressurized tank. 


To collect water from a lower level, a vacuum 
head must be overcome by removing air from the 
inlet pipe to create a vacuum inside it. The pressure 
of the atmosphere will force the surrounding water 
up the inlet pipe. For this reason the vacuum head 
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must not exceed atmospheric pressure, which 
is normally 1013 mbar (10.3 mH^O), although it 
depends to some extent on the weather (low pres¬ 
sure, high pressure) and the altitude. When a pipe is 
completely emptied of air, the water will therefore 
be forced up the pipe to a height of 10.3 m. However, 
the actual suction head of a pump is lower than 
10.3 mH^O, because of losses such as from the 
velocity head in the inlet pipe. To make a centrifu¬ 
gal pump self-suctioning it must include a mecha¬ 
nism (e.g. a specially designed impeller) to remove 
the air from the inlet pipe. 

Cavitation 

If the vacuum in the pump is too high, the water 
may boil and vaporize. That the temperature of 
vaporization is pressure dependent can easily be 
illustrated with a pressure boiler, where the boiling 
temperature of the water is increased; similarly, 
below normal atmospheric pressure the boiling 
temperature will decrease (see below). When a 
mixture of liquid and gas goes through a pump the 
boiling point will increase because the pressure 
around the water molecules increases from vac¬ 
uum upwards. In changing from gas to liquid the 
bubbles undergo violent compression (implosion) 
and collapse, creating very high local shock, i.e. a 
sharp rise and fall in the local pressure; the 
phenomenon is called cavitation. If this happens in 
connections to a pump or in the impeller, small 
metal parts can be dislodged. Multiple indentations 
or dimples in the material can result. The same 
may occur on boat propellers, where worm-like 
holes may be observed in the material of 
the propeller. 

Cavitation reduces the effectiveness of pumps 
and will also shorten pump life. A characteristic 
‘hammer’ noise is produced inside the pump when 
it cavitates. Cavitation may also occur if there are 
leakages in the pipe or pipe connections on the 
suction side of the pump. If air leaks in here 
(known as ‘false air’), it will create air bubbles that 
enter the pump chamber with the water where 
they implode. Cavitation can happen if the suction 
head is too high. When the pressure around the 
water molecules drops, the water will boil at a 
lower temperature (i.e. the boiling point of water 
is reduced). For example, if the pressure drops 
from atmospheric (10.3 mH^O) to 1 mH^O, water 
will boil at 46°C. This phenomenon can be 


observed when boiling water at high altitude, for 
instance in the Himalayas. Here water will boil 
below lOO^’C because the atmospheric pressure is 
less than 10.3 mH^O. Atmospheric pressure also 
depends on the weather. The safe static suction 
head will also decrease with surface water 
temperature, from 10.4 mH^O at lO^’C to 7.1 mH^O 
at 21.1‘^C.i" 

Net positive suction head 

If the pump is not self-suctioning, the water 
level must be higher than the level of the pump. 
This means that the impeller needs a certain pres¬ 
sure to function optimally. The term ‘net positive 
suction head’ (NPSH) defines the absolute lowest 
pressure the water must have when flowing into 
the pump chamber, or (more easily) the actual 
height of water over the impeller. If the water 
pressure is lower than the NPSH, the pump 
will cavitate. NPSH depends on water flow and 
increases with increasing flow; it can be described 
as follows: 

where represents barometric pressure, 
vapour pressure of the liquid at the operating 
temperature, frictional losses due to fluid mov¬ 
ing through the inlet pipe including bends, and 
pressure head on pumping inlet (negative if it is a 
static lift on the suction side of the pump). 

Example 

A pump is to be chosen for a land-based fish farm. 
With an actual discharge (Q) and head (H), the 
necessary NPSH can be read from the pump 
performance curves to be 4 mHfO. The fish farm is 
situated close to the sea and the barometric pressure 
(hj is measured to be 10.3 mHfl. The maximum 
temperature during summer time is 30°C, which 
corresponds to a vapour pressure (hj of 4.25 N/m^, 
equal to 0.44 mHfl. The friction loss in the inlet pipe 
including loss in fittings (hj) with the actual water 
velocity is 1.5 mH^O. The static suction lift (hJ is 2 m. 
The NPSH can then be calculated as follows: 

NPSH=/z,-/z,-/Zf-t/z^ 

NPSH=10.3-0.44-1.5-t(-2) 

NPSH=6.36mH20 
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This is higher than the NPSH value of 4 mHfO that 
the pump requires, which means that there will not be 
any problems regarding NPSH when using the pump. 

The NPSH requirements of a specific pump are 
given in the pump diagram (see section 2.4.5). This 
value must be higher than the value calculated from 
the above equation. Remember that NPSH is given 
in units of pressure (mH^O, bar or pascal). 

2.4.3 Pumping of water requires energy 

Energy is required to pump water from one level to 
another. Energy consumption is usually expressed 
as power (P), which is energy supplied per unit 
time. P is measured in joules (J) per second, where 
lJ/s = l watt (W). 

The following equation can be used to calculate 
the energy requirement for pumping: 

P=pghQ 

where p represents density of water (kg/m^), g 
acceleration due to gravity (m/s^), Q water flow rate 
(m^/s) and h height that the water is pumped. 

Example 

Calculate the energy required to lift 1000 L/min of 
water by 5m and 15 m (including the friction head). 
The density of water is 1025 kg/m?, the flow rate is 
0.016m?/s and acceleration due to gravity is 9.81 m/s^. 
Case 1:5-m lift 

P=pghQ 

P=1025x 9.81x5x0.016 
P=804.4J/s=804.4W 


Case 2:15-m lift 

P=pghQ 

P= 1025x9.81x15x0.016 
P=2413.3J/s=2413.31T=2.4kW 

This illustrates that by tripling the pump height the 
energy requirement is also tripled. 

The power supplied from the pump to the water is 
called the water effect and is the sum of the velocity 
head, head loss and static head. As a result of energy 
losses in the pump, more power is supplied to the 
pump than the pump supplies to the water. The effi¬ 
ciency of the pump is given by: 

ri = PolPs 

where rj represents efficiency, P^ energy delivered 
from the pump to the water and P^ energy supplied 
to the pump. 

Example 

A pump has an efficiency of 75% and consumes 
5 kW of electric power. How much of this power is 
used to pump the water? 

V =PJPs 
Pd = OPs 
P =0.75x5 
RD = 3.75kW 

Energy losses occur at several places in the pump. 
This results in efficiencies below unity (Fig. 2.12). 



Figure 2.12 Only part of the electric 
energy fed to the pump is used to 
transport the water. 
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Losses occur in the pump motor (m), transmission (t) 
and the impeller (p), the sum of which gives the 
pump efficiency. Low pump efficiency results in the 
creation of heat, because energy cannot disappear; 
for example, when using submerged pumps this 
energy will be transferred to the water, which is 
heated. In water re-use systems this heating can be 
noticeable. The total efficiency of a pump, t]^, can be 
calculated as follows: 

VA = % + ri, + ri^ 

Efficiency may also be defined as hydraulic 
efficiency Tjjj (loss when the water flows through 
a pump), volumetric efficiency (leakage of water 
between suction and pressure side of the pump, 
e.g. in centrifugal pumps) and mechanical efficiency 
Tj^ (losses in the motor and transmission). 

In fish farming the usual efficiency of well-suited 
pumps is around 0.7. Efficiency normally varies 
between 0.4 and 0.8. 


Pump costs 

To calculate the cost of pumping, the following 
equation can be used: 

Pumping cost=f’dEP 

where P represents power (kW), d duration of 
pumping (hours) and EP electricity price per kWh 
(kilowatt hour). 

Example 

A centrifugal pump with a 5-kW power supply runs 
continuously to supply a fish farm with water. 
Calculate the yearly electricity cost of running the 
pump with an electricity price of€0.1/kWh. 

Yearly pumping cost=PdEP 

= 5x24x365x0.1 
= €4380 


2.4.4 Centrifugal and propeller pumps 
Centrifugal pumps 

Centrifugal pumps account for the majority of 
pumps used by aquaculture enterprises. A centrifu¬ 
gal pump contains three major units: the power 
unit, the pump shaft and the impeller (Fig. 2.13). 
The power unit, an electric motor, causes the pump 


shaft to rotate and with it the attached impeller. 
Around the rotating shaft where the impeller and 
motor are fixed there are seals that prevent leakage 
via the shaft into the motor. 

If the inlet and pump cavity are filled with water 
(primed), rotation of the impeller causes movement 
of water molecules which will be accelerated 
outwards towards the periphery of the impeller. 
This will reduce the pressure in the centre of the 
impeller and new water is drawn into the eye of the 
impeller via the pump inlet. Vanes on the impeller 
may direct the flow of water and help to transfer 
the energy from the impeller to the water. 

Rotation of the impeller imparts high velocity to 
water molecules at the periphery. When this water 
leaves the impeller, the velocity is rapidly reduced 
and the dynamic head is converted to static head. 
How the pressure changes from the inlet to the 
outlet in a centrifugal pump depends on the charac¬ 
teristics of the pump. The outlet pressure is a func¬ 
tion of the inlet pressure and pump characteristics, 
mainly the design of the impeller. 

The impeller may be open, semi-closed or 
enclosed; all have different characteristics (Fig. 2.13). 




Figure 2.13 A centrifugal pump contains three major 
units: the power unit (motor), the pump shaft and the 
impeller, which can be open, closed or semi-closed. 
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Figure 2.14 A propeller pump comprises a fixed propeller rotating Inside a pipe. This results in transport of water 
through the pipe. The pump motor may either be placed above the water level (sketch) or submerged in the water 
directly attached to the propeller (photograph of a cut pump where the propeller is visible).The other photograph shows 
water delivery from submerged propeller pumps. 


The choice depends on the amount of particulate 
matter in the water. If there are many particles 
(sludge like), an open or semi-closed impeller is nor¬ 
mally used; if there are few particles or high pressure 
is required, an enclosed impeller is used.The enclosed 
impeller has the highest efficiency, but tolerates the 
lowest amount of suspended solids in the water. In 
aquaculture facilities all types of impeller are used. 

Propeller pumps 

Propeller pumps are of simple construction, with 
a propeller rotating inside a pipe (Fig. 2.14). The 


principle is the same as a propeller on a boat, but 
instead of moving the boat the propeller is fixed 
so the water moves instead. Propeller pumps 
have the advantage that they can deliver large 
amounts of water at low pressure (normally less 
than 10 mH^O). The reason for the low pressure is 
the leakage that occurs between the two sides of 
the propeller (head and suck). On some pumps 
the flow rate can easily be varied by adjusting the 
angles of the propeller vanes. The propeller is 
normally installed in a vertical pipe, but it is also 
possible to place it in a horizontal pipe to create 
a flow. 
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Figure 2.15 Centrifugal pumps are either (A) submerged (pump shown has been cut to show inside with motor, bear¬ 
ings and impeller) or (B) dry placed (one of the pumps is cut). 


Dry placed or submerged pumps 

Centrifugal pumps can be dry placed, either above 
water level or in a dry well below water level. They 
can also be installed in the water as submerged 
pumps (Fig. 2.15). 

A dry placed pump consists of a pump chamber 
with an impeller, a transfer shaft and an electric 
motor. The motor is cooled by a fan in dry placed 
pumps and by water in submerged pumps. Between 
the pump chamber and the motor there is a seal 
to prevent water leaking into the motor. Dry 
placed pumps may also be made self-suctioning by 


use of a specially designed impeller. Dry placed 
pumps are normally bolted to a rack that is fixed to 
the floor. 

In a submerged pump the motor and the pump 
chamber are usually built together and enclosed in 
one unit which is lowered into the water. As for dry 
placed pumps, it is important to have a good seal 
between the pump chamber and the motor. The 
whole must be watertight, to prevent water from 
entering the motor. The motor is cooled by the 
surrounding water and the casing can be equipped 
with cooling ribs to facilitate this. 
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Both dry placed and submerged pumps are 
commonly used in aquaculture. The advantage with 
dry placed pumps is that maintenance is simple 
because it is easy to access the pump and pump 
parts. A disadvantage may be that artificial cooling 
of the motor becomes necessary, requiring the use 
of a fan. If there are leakages in the inlet pipeline 
false air may be drawn in, causing cavitation in the 
pump and supersaturation of nitrogen (see Chapter 
12), especially when using dry placed pumps stand¬ 
ing above the water surface. 

2.4.5 Pump performance curves and working 
point for centrifngal pumps 

Characteristics curves 

The characteristics curves (pump diagrams) are used 
to describe the performance of centrifugal pumps 
(Fig. 2.16). The most important is the head versus 
capacity curve, which shows the connection between 
the water flow (discharge) and the head. Depending 
on its construction, the same centrifugal pump can be 
used to deliver either a large water flow with a low 
head or a smaller water flow with a larger head. 
Adding a valve on the pump outlet and gradually 
closing it will decrease the water flow but increase 
the head, because the cross-sectional area through 
which the water is forced is reduced. As the valve is 
closed more pressure is needed to discharge the 
water; again this increases the pump head. A pump 
characteristics curve can be constructed by measur¬ 
ing the water flow that the pump delivers with differ¬ 
ent heads: if pump behaviour is ideal, the plot should 
be a straight line. This seldom happens because of the 
reduction in pump efficiency at the limits of perfor¬ 
mance, so the plot is curved. If large amounts of 
water are being pumped, the friction loss through the 
pump becomes large. In addition to the frictional 
losses there is so-called impact loss resulting from the 
impact of the water molecules on the impeller and 
the inlet and outlet parts of the pump chamber. The 
highest losses occur with large heads and large flows 
at the ends of the pump characteristics curve, close to 
the X- and y-axes. This is to be expected, because a 
pump has the highest efficiency at the construction 
point in the middle of the characteristics curve. 
Normally this point is easily recognized on the curve. 

A pump’s characteristics will of course depend on 
design and size of the chosen impeller, each of which 



Figure 2.16 Pump performance (characteristics) curves 
for centrifugai pumps: head, efficiency, power suppiied 
and net positive suction head (NPSH) are piotted against 
water flow rate (discharge). 

will have individual characteristics. A centrifugal 
pump can normally be delivered with different impel¬ 
lers, and it is quite easy to change them. In many 
cases several pump characteristics are given in the 
same diagram, one for each diameter of the 
impeller. 
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The pump diagram may also show a plot of pump 
efficiency versus discharge. A pump that works as 
closely as possible to the maximum efficiency (con¬ 
struction point) should be chosen; operation away 
from the construction point will result in decreased 
efficiency. Pump efficiency may also be given in the 
so-called shell or mussel diagrams in which curves 
and/or circles represent percentage efficiency. 

The power requirements are also given in the 
pump diagram. Here the necessary power that 
must be supplied to the pump is plotted versus dif¬ 
ferent discharges and heads. The NPSH curve gives 
information about the necessary ‘over-pressure’ 
required by the pump which, as described earlier, 
increases with increasing water flow. It is important 
to be aware that the curve showing the NPSH is 
constructed in relation to atmospheric pressure, 
i.e. 10.3 mH^O. The supplied (inlet) pressure is the 
sum of the air pressure and water pressure to the 
pump impeller. If this is lower than the NPSH 
requirements shown on the curve, the pump will 
cavitate. There will not normally be problems with 
NPSH if there is positive water pressure into the 
pump. Problems are more likely to occur when 
there is static suction lift into the pump. 

An easy way to illustrate the NPSH is to look at 
different pump station designs. Use of an onshore 
dry placed pump will result in a high NPSH, while 
use of a dry placed pump in a well and directly 
connected to the inlet pipe will have a lower NPSH. 
By disconnecting the inlet pipe and the pump and 
letting the water flow directly into the pump station 
and utilizing a submerged pump will reduce NPSH 
even more, because there is now no head loss in 
the inlet pipe that will affect the pump (Fig. 2.17). 

Pipeline characteristics 

When delivering water through a pipeline, the 
pressure and/or head that the pump has to deliver 
depends on the flow rate to be pumped through the 
pipe. If the pump is not running, the only resistance is 
the fixed static head; however, when the pump starts 
to work there is in addition a resistance head (mano- 
metric head) caused by friction losses in the pipe. 

The manometric head increases with the flow rate 
through the pipe. If the pump does not lift the water 
to a higher level but only overcomes friction in the 
pipes, there is no static head but only a resistance 
head. To find the total friction, the characteristics 


Pump station 



No NPSH Pump station 



Figure 2.17 The NPSH for different pump configurations. 


of the total pipe system, including pipe length, pipe 
material, number of bends, etc., must be known. 
With this information the total head loss through 
the system with different water flows can be calcu¬ 
lated. The results may be plotted to show the 
connection between the total head and the water 
flow. This curve is called the pipeline characteristic 
curve. It starts at zero if there is no start head and 
increases exponentially with water flow (Fig. 2.18). 

Working point 

To find the working point for a pump with given 
pipeline characteristics, the pipeline and pump 
characteristic curves can be drawn on the same 
diagram (Fig. 2.18). The actual working point of the 
pump will be at the intersection of the two curves. 
This point shows the water flow that the pump will 
deliver through the pipeline. To achieve the best 
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Figure 2.18 By drawing the pipeline characteristic 
curve and the pump characteristic curve on the same 
diagram the working point of the pump is found at the 
intersection. 

possible efficiency it is important that this point is 
as close to the construction point of the pump as 
possible. If not, another pump should be chosen. 

2.4.6 Change of water flow or pressure 

When choosing a pump it is important that the 
pump works as closely as possible to its construc¬ 
tion point. What may then be done if the chosen 
pump does not fulfil this condition and cannot 
be changed? 

Change of impeller (pump wheel) 

Most centrifugal pumps can be supplied with 
different impellers. By selecting an impeller of 
different shape and diameter it is possible to change 
the pump characteristics (Fig. 2.19). In this way it is 
possible to find an impeller that is better adjusted 
to the working point of the pump, and better 
efficiency can be achieved. 

The following relationships can be used to show 
pump performance when reducing or increasing the 
diameter of the impeller; 

Q2 ^ Q\ ~ ^2 ^^1 
PJP^ = {dJdf) 

where d^ represents the diameter of the smallest 
impeller, d^ the diameter of the largest impeller, Q 
flow rate, H head and P power requirement. 

Example 

The diameter of an impeller in a centrifugal pump 
is increased from 515mm (dj) to 555mm (dj. The 
flow rate in the first case is 700 E/s (Q^j and the head 



Figure 2.19 Changing the impeller alters the charac¬ 
teristics of the pump. 

is 9m (Hj). Calculate the new flow rate (Qfi and the 
new head (Hfi. 

Q2 ^ Qi ~ ^2 ^^1 
Q2 = Qi{d2ldi) 

Q 2 = 700 x( 555/515) 

Q^ = 154Els 

HfiH, = {d2ld,f 
H^ = H,{dfid,f 
H^ = 9x{555/515f 
7/2 = 10.5 m 

These equations are most reliable with a range 
of 20% increase/decrease in diameter, because 
large changes of the diameter of the impeller may 
alter pump geometry. 

Connection of pumps 

Pumps can be connected in series (one after another) 
or in parallel (beside each other). In this way the 
water flow and water pressure can be changed 
(Fig. 2.20). When pumps are connected in series, 
they are placed one after another in the same pipe¬ 
line, so increasing the head while maintaining the 
same water flow. The inlet pressure of the second 
pump is the outlet pressure from the first pump so 
the pressure head is increased. When pumps are 
connected in parallel, the main pipeline is divided 
into two sub-pipelines. One pump is placed in each 
sub-pipeline; these are then connected to the main 
pipeline. Parallel connection doubles the water flow, 
while the head remains constant. 
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Figure 2.20 The flow rate and pressure may be 
changed by connecting pumps in series (one after 
another in the same pipeline) or in parallel (beside 
each other in separate sub-pipelines). 

High-pressure pumps 

High-pressure pumps are special types of centrifu¬ 
gal pump that utilize a system of pumps connected 
in series (Fig. 2.21). In a high-pressure (multistage) 
pump the impellers are connected in series, and 
can share the same motor and shaft. The motor and 
shaft are of course larger than if a single impeller 
is used. When the water leaves the first impeller it is 
collected and directed into the centre of the next 
impeller and so on, and the head gradually increases 
depending on the number of impellers. This is 
possible through the design of the pump chamber. 
High-pressure pumps are used for pumping 
groundwater from great depths or for other situa¬ 
tions where there is either a large head to be over¬ 
come or if a high water pressure is required. 

2.4.7 Regulation of flow from selected pumps 

In many cases there is a requirement to adjust the water 
flow from specific pumps, for instance to reduce it. It is 
possible to use several methods to achieve this and 
these are briefly described in the following sections. 


Figure 2.21 In a high-pressure (multistage) pump the 
impellers are connected in series and have a common 
motor and shaft. 
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Adjustment of speed 

One method for regulating the water flow from a 
pump is to change the speed (revolutions per min¬ 
ute, rpm) of the motor and hence the impeller. 
When the speed is diminished both the water flow 
and the head are reduced. The usual type of electric 
motor employed for pumps is an asynchronous 
motor. Its speed may be changed by coupling extra 
sets of poles in and out in steps by a switch, which 
will change the speed of the motor also in steps. The 
following is the relationship between speed (rpm, n), 
water flow (Q), head (H) and power (P): 

Q 2 ^ 

HJH^= {n^ln,f 

P 2 IP 1 - (” 2 ! ” 1 )^ 

From these equations it can be seen that the water 
flow increases in direct proportion to the speed, 
the head increases in proportion to the square of 
the speed, and the power increases in proportion to 
the cube of the speed. 

However, continuous adjustment of speed in 
pumps is difficult in practice. The motor on a 
centrifugal pump normally uses alternating current 
and the continuous adjustment of a.c. motors is 
quite complicated and expensive. The usual way to 
adjust the motor speed is to transform the 
frequency of the current (Fig. 2.22). If, for instance, 
the normal frequency of the electricity is 50 Hz, 
reducing it to 40 Hz will reduce the speed of the 
motor, which will reduce the water flow out of the 
pump but maintain the head. Reducing the a.c. fre¬ 
quency can affect the pump motor; if it is reduced 
too much, the motor will stop and may be destroyed. 
The same thing can happen if the frequency is 
increased to above 50 Hz. 

The disadvantage of this system is that frequency 
regulators are quite expensive and some energy loss 
occurs during frequency transformation. However, 
great technological improvements have been made 
in this field during the past few years, which have 
led to costs being considerably reduced and energy 
losses highly reduced. 

Example 

A pump delivers 300 L/s. The speed of the pump 
motor must be changed so that the pump only 
delivers 200 E/s. The original speed of the pump is 
2800 rpm. What is the new speed? The power supply 
is 30kW at the start. What is the new power supply? 



Figure 2.22 A frequency transformer changes the 
frequency of the current and may therefore be used to 
regulate the pump speed. 


The new speed is: 

Q2 ^ Qi —^2 ^^1 
«2 = ( Q 2 / 2 i )«1 
= ( 200/300 )x 2800 
^2 = 1867 rpm 

The new power supply is: 

P2IPi={ n^lnf^ 

P2 = P,{n^ln,f 
^2 = 30(200/300)" 

F2 = 8.9kW 

Throttling 

By placing a throttle valve on the pressure side, it is 
possible to close the outlet of the pump (throttle) 
(Fig. 2.23). In this way an artificial head is created 
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Figure 2.23 Throttling on the pressure side may be 
used to reduce the water flow from a centrifugal pump, 
but is not a good soiution. 

and hence a reduction in the water flow, according to 
the pump characteristics. Higher throttling results in 
a shift to the left on the pump curve. To throttle on 
the pressure side is only possible for centrifugal 
pumps, because the water is inhibited from going to 
the peripheries of the impeller. Throttling on the 
pressure side on pump types other than centrifu¬ 
gal and propeller can result in pump breakage. 
Throttling centrifugal and propeller pumps is not 
very satisfactory as there is significant energy loss 
because the throttling valve creates an artificial head. 
The power consumption is the same when the water 
flow is reduced, which can easily be seen from the left 
shift on the characteristics curve. To throttle a cen¬ 
trifugal pump on the suction inlet must be avoided as 
this creates cavitation conditions in the pump. 

Multiple pumps 

If there are large water requirements and the 
discharge varies, it is an advantage to use multiple 


pumps of different sizes. In this way it is possible 
to couple pumps in and out and by doing this vary 
the total flow rate (parallel connection) and at 
the same time achieve an overall high efficiency 
for all the running pumps. To use several pumps 
will also improve the reliability because one 
pump can stop without halting the total water 
flow to a farm. 
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3 

Water Quality and Water Treatment: 
An Introduction 


3.1 Increased focus on water quality 

As the aquaculture industry becomes ever more 
intensive, the focus on water quality in the rearing 
units will also increase. Higher production densities 
will also increase the requirements for optimal 
water quality, because of the degeneration in qual¬ 
ity when water flows through the production unit. 

The importance of water quality is independent 
of the type of rearing unit and location of the pro¬ 
duction facilities. If using open production units in 
the sea such as sea cages, it will of course be more 
difficult to treat the water to improve quality, even 
though this is starting to happen (see Chapter 12 
concerning oxygenation in open sea cages). On 
land-based fish farms with control of both the inlet 
and outlet, water treatment to improve water qual¬ 
ity will be much easier to perform. The increase in 
aquaculture production based on water re-use sys¬ 
tems will focus attention on water treatment to 
improve quality. 

During the past few years, focus on the envi¬ 
ronmental impacts of the aquaculture industry 
have increased.In future, more stringent require¬ 
ments will be set to reduce these impacts. It is pos¬ 
sible to reduce the discharge from the facility by 
optimal production management, and also by 
treating the outlet water from closed production 
facilities. It will also be important that production 
is adapted to site capacity, and of course that it is 
sustainable.*’^ 
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3.2 Inlet water 

While fish will grow in water of suboptimal quality, 
their growth rate will not be maximized. With high 
investments costs involved in the running of rearing 
units it is of course vital that the production per unit 
of farming volume is as high as possible. Fish can 
live well in the wild even if water quality is subopti¬ 
mal. However, the food supply is usually limited 
and the growth rate will be much lower than that 
possible under optimal conditions. 

There is often some kind of stress response 
involved when there is an outbreak of disease. 
Disease can be latent in the stock but can become a 
problem if the fish are exposed to some kind of 
stressor, for instance suboptimal water quality. In 
fish farms, where fish are grown as quickly as pos¬ 
sible, they are already under stress and so disease 
outbreaks are more likely due to suboptimal envi¬ 
ronmental conditions. It has been shown that by 
catching wild fish and holding them under farming 
conditions at a high stocking density, it is very easy 
to cause a disease outbreak, even if the water qual¬ 
ity is equal to that found at the wild site where the 
fish were caught. 

Many experiments have been carried out for the 
species farmed today, and there are quite good data 
for recommended water quality.®’® However, as the 
amount of new water added per kilogram of fish is 
continuously decreasing, research is focused on 
accurately documenting lowest acceptable levels of 
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nutrients to maintain optimal growth. Norwegian 
salmon smolt production can be taken as an exam¬ 
ple. In 1985 the average size of the fish was 40 g 
while today is it over 100 g, as the result of improved 
feed and increased individual growth rate. Most of 
the sites used have limited freshwater resources and 
therefore the amount of new water supplied per 
kilogram of fish has been reduced, mainly by adding 
pure oxygen; in 1985 the licence requirement for 
new water was 0.38 L/kg fish per minute, while 
today in dry periods it is down to 0.1-0.2 L/kg fish 
per minute.“ 

Water quality requirements depend on the spe¬ 
cies. The same is the case regarding requirements 
for the various life stages; the early stages normally 
have the highest requirements for optimal water 
quality. Even if the quality requirements vary, it is 
better to have good-quality water than bad, if this 
is possible. 

• Optimal water temperature is species specific and 
so general advice is impossible. Species can be 
defined generally as warm-water species (>20°C) 
and cold-water species (<20°C). Some species pre¬ 
fer temperatures below 10°C. If the water temper¬ 
ature falls below 0°C freezing will be a problem. 
The oxygen content of the water (see Appendix 
12.1) is reduced with increasing temperature: at 
5°C the available oxygen content is 12.8 mg/L 
while at 25°C is it reduced to 8.2 mg/L. The water 
ought to be fully saturated or supersaturated with 
oxygen gas. It is very important that the oxygen 
content of the rearing water is high enough: for 
instance, 7mg/L (70% saturation) is the typical 
value for the outlet water in salmonid farming, 
30% having been consumed by the fish. 

• Of the other gases dissolved in the water, the 
concentrations of nitrogen (N^) and carbon diox¬ 
ide (CO^) must not be too high. The nitrogen 
concentration should be below 100.5% satura¬ 
tion. For carbon dioxide, levels are not only 
dependent upon the inlet concentration, they 
also increase in the tank as a result of fish metab¬ 
olism, which releases CO^ into the water; the out¬ 
let concentration must not therefore be too high. 

• Water pH must neither be too low nor too high 
(the latter is seldom the case). This applies to 
fresh water, since sea water has stable pH values 
of 75-8.2. Sufficient alkalinity in the water helps 
to control fluctuations in pH. 


• Excessive particles in the inlet water may have 
negative effects on the fish, for instance by clog¬ 
ging their gills. Fish faeces will increase the 
particulate content of the water, the outlet con¬ 
centration of which must not be too high. 

• Ammonia may be a problem in production unit 
outlet water because of waste products from fish 
metabolism, but only with very limited supply 
and exchange of water. With normal water 
sources there are no problems with ammonia 
concentration in the inlet water. 

• The concentration of metal ions in the inlet water 
may be sufficient to cause toxicity in fish; low pH 
may increase this toxicity. Problem metals include 
aluminium, copper, iron, zinc and cadmium. 

• Microorgansims, including parasites, bacteria, 
viruses and fungi, may be present in the inlet 
water at concentrations unfavourable for aqua¬ 
culture. 

Interactions between several water quality param¬ 
eters, for instance between pH and metals, may also 
pose quite a challenge. To fully understand water 
treatments effects, a good knowledge of basic water 
chemistry is an advantage; this topic is not covered 
in this book but extensive literature is available.^^^^^ 


3.3 Outlet water 

All outlet water discharged from aquaculture facili¬ 
ties can present environmental problems that create 
an imbalance in the ecosystem in the recipient water 
body. This is especially important when the outlet 
water is discharged into fresh water. Freshwater 
recipient water bodies are of limited volume, 
whereas the sea represents an infinitely large water 
body; therefore the consequences of a discharge into 
a freshwater recipient, such as a small lake, will be 
much greater for both open and closed production 
units. 

The effluent discharged from a fish farm can 
contain three classes of pollutant (Fig. 3.1): 

(1) Nutrients and organic matter 

(2) Microorganisms 

(3) Escaped fish. 

The quantity of nutrients and organic matter dis¬ 
charged depends on the amount of feed used and 
farm management practices (for further description 
see next chapter). The nutrient content in the feed 
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Fish farm 



Fresh or 
sea water 


Discharge of nutrients 
and organic substances 


'■ Discharge of microorganisms 


‘ Fish that escape 


Figure 3.1 Every fish farm, whether it is on iand or in 
the sea, wiii discharge effluent. 


must be optimal for the fish, and as much as possible 
must be available to and taken up by the fish. The 
amount of feed supplied must be optimal in relation 
to appetite, so that feed loss is avoided. 

Discharge of nutrients to the recipient water body 
will result in increased algal growth leading to 
eutrophication and imbalance in the recipient eco¬ 
system. Discharge of excessive organic matter to the 
recipient water body may result in lack of oxygen 
during the night as a result of decomposition. Local 
accumulation of fish faeces in the recipient water 
body may cause anaerobic decomposition, possibly 
accompanied by release of hydrogen sulphide (H^S) 
which is toxic for small animals and fish (Fig. 3.2). 
This shows the importance of having an adequate 
water current at the point where the discharge is 
released. 

The larger concentration of biological material 
in a restricted volume compared with the case in 
natural conditions means that possibilities for dis¬ 
ease outbreaks in a fish farm are greater than in 
the wild. The effluent water may therefore also 
contain a higher concentration of pathogenic 
microorganisms such as parasites, bacteria, viruses 
and fungi, which can cause disease in the natural 
fish population. This may again have significant 
consequences for the wild fish in the recipient 
water body. If there are possibilities for ‘short 
circuiting’, the fish farm may function as a facility 
for increasing the concentration of pathogens 
(Fig. 3.3). For land-based fish farms this can be 
illustrated with pathogens that are ejected in the 
effluent water from the farm and are taken in 
again with the inlet water. This also shows the 
importance of not having these pipes too close to 


each other. The best arrangement is to have them 
in different water bodies, or to treat either the inlet 
or the outlet water. Fish that migrate can also be a 
host for transporting microorganisms up rivers, 
meaning that short circuiting can also occur here. 
Migration obstructions in the river may be a 
solution. 

Moving aquatic organisms from one farm to 
another may, via the water used for transport, bring 
new microorganisms to the recipient farm. The 
result can be an outbreak of disease in the fish on 
the recipient farm. Some wild stocks may, through 
natural evolution, have developed natural immu¬ 
nity against some pathogenic microorganisms 
while others may represent a large threat. An 
example of this is the salmon parasite Gyrodactylus 
safaris'. Atlantic salmon in a few rivers have devel¬ 
oped immunity to this organism, whereas in most 
rivers the stocks have no immunity. When moving 
fish containing such microorganisms between 
rivers, or between farms with outlets to different 
recipients (rivers), the consequences can be fatal. 
Treatment of the effluent water is absolutely neces¬ 
sary in such cases. 

Escape of fish or other aquatic organisms from 
farm conditions may also present environmental 
problems, except where local stocks that have not 
gone through a breeding programme are used on 
the farm. If the stocks have gone through a central¬ 
ized breeding programme where mixing of local 
stocks from different districts occurs, or much more 
seriously if genetic manipulations have been per¬ 
formed, there may be significant consequences 
attending escapes. The fish farming industry has 
benefited greatly from national breeding pro¬ 
grammes, for example growth rates and feed utiliza¬ 
tion have been improved.^'^ 

What are the consequences if several fish escape 
from a farm? One possibility is that they can 
establish their own stock in the recipient water 
body. This may result in competition for feed and 
habitat with the naturally occurring stocks. 
Another possibility is that they can interbreed 
with the local stocks and create unwanted hybrids. 
Even if no interbreeding occurs, the escaped fish 
can destroy the breeding grounds or breeding 
nests of the wild stocks. Of course, none of this is 
desirable and therefore it is very important to try 
to avoid escape of fish and other aquatic organ¬ 
isms from farm conditions. 
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Figure 3.2 Local anaerobic decompo¬ 
sition may occur in the recipient water 
body if the point discharge is excessive. 



Figure 3.3 Short circuiting between the outlet and inlet 
water to the fish farm must be avoided to prevent the 
concentration of pathogenic microorganisms increasing 
in the recipient water body. 


3.4 Water treatment 

All treatment of water leads to a change in water 
quality, but it is improvement that is wanted. 
Regardless of the quality of the incoming water, it 
will always be possible to obtain a quality good 
enough for growing aquaculture products. However, 
the problem is the cost; all water treatment 


operations involve expenditure. A major advantage 
for a good farming site is therefore to have 
good-quality incoming water with low treatment 
requirements and to have a recipient that tolerates 
effluents. 

Several processes may be needed to adjust water 
quality. The inlet water to land-based farms is aerated, 
and pH adjustment and particle removal may also 
be required. Heating and chilling are normally used 
to create optimal growth conditions. In some cases 
disinfection is needed to reduce the burden of 
microorganisms,especially in fry production (Fig. 3.4). 

The outlet water from the fish farm may also be 
treated to avoid affecting the water quality of the 
recipient water body. If the recipient water body is 
highly eutrophic, the outlet water must be treated, 
and this is also the case if there are valuable wild 
stocks in the receiving water. Treatment of outlet 
water will, however, increase production costs, and 
is done only when necessary. Often, government 
regulations will dictate the level of treatment 
required. Sites that require less water treatment of 
the outlet water are therefore favoured. 

Treatment of the outlet water is normally 
restricted to removal of part of the suspended sol¬ 
ids. From a cost perspective, is it normally impossi¬ 
ble to remove dissolved substances such as nutrients 
and small microorganisms in a flow-through farm 
with relatively high fish densities, because of the 
size of the water flow; if re-use systems are 
employed, such treatments may be included. How¬ 
ever, re-use systems have much higher investment 
costs than flow-through farms. 

Because of the focus on sustainability in aquacul¬ 
ture, attention on waste discharge from aquaculture 
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Figure 3.4 Water treatment 
processes. 


facilities will increase. In addition to particles, this 
will also involve the potential to remove or re-use 
dissolved impurities. This may be included as part of 
the effluent water treatment, but it may also be 
included in the overall production system, a pro¬ 
duction system that re-uses the supplied nutrients. 

The water quality treatment requirements of a 
complete system are described in the following chap¬ 
ters. Chapter 4 focuses on fish metabolism and how 
this affects water quality. It is important to under¬ 
stand how the impurities in water occur and the tech¬ 
niques for removing them from the effluent water, so 
this chapter therefore also contains information 
about separation technology. Chapters 5-13 focus on 
the common water treatments used in aquaculture, 
including adjustment of pH, particle removal (includ¬ 
ing traditional methods and protein skimming), foam 
fractionation, membrane filtration (removing both 
dissolved and particulate impurities), sludge accumu¬ 
lation and treatment, disinfection, heating and cool¬ 
ing, aeration and oxygenation, and ammonia removal. 
Chapters 14 and 15 deal with how water treatment is 
set in a system: Chapter 14 concentrates on tradi¬ 
tional re-use (RAS) systems while Chapter 15 focuses 
on more natural systems including polyculture, 
integrated aquaculture, aquaponics and biofloc. 
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4 

Fish Metabolism, Water Quality 
and Separation Technology 


4.1 Introduction 

A number of methods are available to remove 
impurities from water. In order to choose a method 
able to deal with aquacultural waste water, it is nec¬ 
essary to know in which form the impurities occur 
(i.e. particulate or dissolved). The occurrence of 
impurities in the waste water from a fish produc¬ 
tion unit is highly dependent on fish metabolism. 
Section 4.2 is therefore a very simplified description 
of fish metabolism that emphasizes how the prod¬ 
ucts of excretion contribute to impurities in water 
leaving the production unit. There then follows a 
general description of the different methods that can 
be used for removal of impurities, with further 
explanation of each method in subsequent chapters. 

4.2 Fish metabolism 

The chemical composition of the water in, and exit¬ 
ing from, a production unit depends on a number of 
factors, such as the amount and composition of the 
inlet water, fish growth rate, fish density, whether 
water is re-used, and which components are included 
in the re-use system. The species being farmed and 
whether it is herbivorous (plant eating), omnivorous 
(plant and animal eating) or carnivorous (animal 
eating) will of course also be important. 

When growing, the fish will release excretion 
products over the gills and in the urine and the faeces 
(Fig. 4.1). The composition of the excretion products 


depends on a number of factors, particularly feed 
composition and fish metabolism. In addition, there 
will also be direct feed loss that affects water 
composition. Excretion products are either dissolved 
or suspended (including colloids) and comprise 
inorganic and organic compounds (dissolved organic 
compounds or volatile organic solids). 

4.2.1 Overview of fish metabolism 

Fish metabolism may be divided into two catego¬ 
ries: anabolism or the synthesis of all compounds 
needed by the fish, and catabolism or the break¬ 
down of food molecules to produce energy for the 
body. Energy is produced by the oxidation of food 
nutrients and thus requires oxygen. A typical fish 
feed contains protein, fat and carbohydrate in addi¬ 
tion to vitamins and minerals. 

Protein is the major constituent of fish muscle and 
is the source of nitrogen excretion. The protein in the 
feed is digested in the stomach and absorbed in the 
gut as amino acids and peptides. These are used for 
muscle growth, energy production or both depend¬ 
ing on the condition of the fish and the composition 
of the feed. When protein is broken down (metabo¬ 
lized), the end products are inorganic nitrogen, CO^ 
and water The inorganic nitrogen will be released 
either as ammonia (NH^) over the gills in sea water 
(active transport with Na* ions) or as ammonium 
ions (NH^*) in fresh water.Which form is released is 
of minor importance due to the equilibrium between 
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Gills: total ammonia nitrogen, CO2 



particle-fixed nitrogen, 

dissolved nitrogen, p^^^sphorus and 
dissolved phosphorus 

Figure 4.1 Metabolic end products released by a grow¬ 
ing fish. 

the two forms in water. Fish release most of the 
ammonia through the gills, but a minor part is also 
released in the form of urea in the urine. If all the 
protein in the feed were digestible, all of it would be 
taken up by the fish and no protein-containing faeces 
would be created. However, this is not the case: some 
of the protein in the feed is indigestible and is 
excreted in the faeces as organic nitrogen. The reason 
for this is because the raw material for the feed con¬ 
tains low digestibility protein sources. The amount of 
non-digestible protein in feed depends on a number 
of factors including feed composition and fish utiliza¬ 
tion. There is a major effort to reduce non-digestive 
protein in fish feed. Taking salmon as an example, 
typically 10-15% of the protein in feed is non- 
digestible. The overall protein content of feed is 
30-50%, i.e. for each kilogram of feed there is 
300-500 g of protein. If 15% of this is non-digestible, 
the amount released from the fish will be 45-75 g. 
The protein level in feed varies from below 20% to 
above 40%, depending on the species grown. Protein 
is the highest cost basic element of the feed so it is 
imperative to reduce it as much as possible while still 
providing sufficient protein to the fish. 

Fat is used for energy metabolism in addition to 
assimilation/deposition for fish muscle growth 
(depending on species). Fat (or lipid) has double 
the energy content of protein and therefore can be 
used to replace expensive protein in feed. If all the 
fat supplied were digestible, the only end products 
would be COj (released as gas over the gills) and 
water (excreted in the urine). However, typically 
around 10% of the fat in the diet is indigestible and 
this will be released in the faeces, mainly as tri¬ 
glycerides but also as phospholipids. Replacing the 
protein used for energy production with fat will also 
reduce nitrogen excretion. 

Carbohydrate is the cheapest of the main ingredi¬ 
ents of fish feed and is used for energy production. 


However, the digestibility of carbohydrate is highly 
variable, because different species (herbivore, 
carnivore and omnivore) have different digestive 
systems. For species like salmonids (carnivore), the 
digestibility of carbohydrate is very low if no special 
pretreatment is performed. As with fat, if all the 
carbohydrate were digested, the only end products 
would be COj and water in addition to energy; any 
indigestible carbohydrate will be excreted in the 
faeces. It is important to remember that carbohy¬ 
drates are used in the feed manufacturing process, 
where they act as as binders or glue ensuring physi¬ 
cal properties of the feed particles. 

Phosphorus is a major nutrient for fish. The major¬ 
ity (approximately 75%) is used for building bone 
while the remainder is integral to the synthesis of 
ATP (muscle metabolism), phospholipids (cell mem¬ 
branes) and DNA. Phosphorus is absorbed by the 
gut as HPO^^, mostly via active transport (ion 
exchange with Na+) but also via passive transport. 
A major problem with phosphorus in the typical feed 
ingredients is its low digestibility, typically in the 
range 30^0% (depending on species).Therefore it is 
normal to add phosphorus to dry feed mixes, typi¬ 
cally as monocalcium phosphate, which has quite 
good digestibility. Phosphorus from vegetable 
sources may have low digestibility. Indigestible phos¬ 
phorus is released in the faeces attached to organic 
matter. Phosphorus that is taken up and transported 
in the blood is filtered by the kidney and any levels in 
excess of requirements are excreted in the urine (pas¬ 
sive uptake). If phosphorus levels are inadequate for 
metabolism, phosphorus will be released from the 
skeleton, which acts as a reservoir for phosphorus. 

An example of how metabolism affects the 
excretion of nutrients can be seen in fish that 
have infectious pancreatic necrosis (IPN), in which 
the digestibility of fat is reduced. The faeces undergo 
a complete change in structure: they contain more 
fat, have a lower density and may float in the water. 
Another example involves fish that are starving: 
release of phosphorus is low but nitrogen excretion is 
maintained because muscle degradation is occurring. 

4.2.2 The energy budget 

The energy content of the waste is another important 
factor in how the effluent will affect the environment. 
Fish require energy for growth and this is supplied by 
the feed; typically, the energy required for a 1 kg gain 
in weight is around 20 MX This energy represents the 
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Figure 4.2 Use of the energy supplied with the feed. 


heat released by complete combustion of the feed, 
measured in a bomb calorimeter. Of the energy sup¬ 
plied with the feed, some will be lost through feed 
that the fish does not eat (Fig. 4.2). Of the energy that 
the fish consumes, some is in indigestible feed ingre¬ 
dients and is released in the faeces; the energy that 
remains is the digestible energy and will be taken up 
by the fish. Of this digestible energy, there will be 
some loss in the urine and over the gills; what remains 
is called the metabolic energy. Of this metabolic 
energy, some will be lost as heat, although for fish 
this is very low compared with other animals. The 
remaining energy is called the net energy and this is 
used for energy production in the cells maintaining 
normal life functions and for growth. 

Current intensive fish farming practices utilize 
high-energy feed. This typically has a high fat con¬ 
tent, because fat contains more energy per kilogram 
(40MJ/kg) than protein and carbohydrate (20MJ/kg). 
By using high-energy feeds, the total feed supplied 
and consumed may be reduced. Flowever, the 
indigestible part of the feed also contains energy. 
When this eventually reaches the environment as 
high-energy faeces, its decomposition will require 
large quantities of oxygen. If oxygen levels are inad¬ 
equate, the decomposition process becomes anaer¬ 
obic (as in fermentation or biogas production) and 
there will be release of methane, CO^ and hydrogen 


sulphide. Decomposition may be fast or slow 
depending on the speed of reaction. 

4.3 Separation technology 

A major element of the water treatment process in 
aquaculture involves separation technology. This 
technology is used to remove impurities, typically 
suspended particles, and microorganisms such as 
parasites, bacteria and viruses; and to separate gases 
such as nitrogen and carbon dioxide from water or 
pure oxygen from air. Separation technology has a 
large literature,^ ’ and several chapters in this book 
cover separation methods such as protein skim¬ 
ming, flotation, coagulation and flocculation. 

It is possible to categorize the separation methods 
relevant to aquaculture into physical separation, 
chemical separation and biological separation, 
although it is sometimes beneficial to use a combi¬ 
nation of methods. In physical separation, typically 
some type of grid or filter is placed in the water flow 
and impurities over a certain size are removed. 
Particles can also be removed by settling or flotation 
due to the difference in density compared with 
water; depth filtration (e.g. sand bed) may also be 
used. Aided flotation (air flotation) is another sepa¬ 
ration technology where attachment to the surface 
of bubbles is used. Chemicals can be used to increase 
the size of the impurities in order to make physical 
removal easier (e.g. coagulation and flocculation) or 
chemicals can be added to precipitate impurities fol¬ 
lowed by settling or flotation. Chemicals may also be 
added to cause oxidation of impurities. In biological 
separation, some type of organism is used to remove 
impurities from the water; for example, bacteria or 
algae utilize the impurities as a nutrient source for 
growth. In this way the impurity will be separated 
from the water and converted into cell mass. 

Disinfection typically includes a chemical pro¬ 
cess where the organisms are oxidized or are inac¬ 
tivated due to radiation. They may not be removed 
but killed/inactivated. The challenge for separa¬ 
tion technology is to choose the correct method. 

4.3.1 What are the impurities in water? 

Impurities can be classified by size as dissolved sub¬ 
stances, colloids and particles. Dissolved substances 
are typically defined as those impurities below 
0.001 pm, colloids those between 0.001 and 1 pm, and 
particles (also called suspended particles) those 
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Figure 4.3 The different units used to size impurities. 

above 1pm (Fig. 4.3). Impurities may be organic 
(containing carbon chains), inorganic or a mix in ori¬ 
gin. Impurities may have an overall charge or have 
no charge; in some cases, an impurity may display 
both positive and negative charges on different parts. 

Impurities can be either a single molecule or a 
group of molecules (organic and inorganic). The 
size of the impurity may be defined by its molecular 
weight/ion weight (typically small compounds and 
single molecules) or by external size. The external 
size unit typically used in aquaculture is the 
micrometer (pm, 10“*’m), but smaller size units 
include the nanometer (nm, 10"® m) and angstrom 
(A, 10“i*’m). For particles below micrometer size, it 
is more usual to use molecular mass. Molecular 
mass has units of daltons (Da), where IDa equals 
1.66 X10"^'^ g or one-twelfth the weight of an atom of 
carbon (^^C). Size will not be an exact measure of 
the impurity because most are not square, and the 
impurity’s geometry and shape have implications 
for any filter used to remove it. Particles may also 
possess a charge and this can be used to separate 
such molecules if the filter has the same charge. 

There are a number of ways to define the impuri¬ 
ties in water. Dry matter (DM) or total solids (TS) is 
the weight of impurities left after the water is boiled. 
Total suspended solids (TSS) is defined as the weight 
of impurities retained by a 0.45-pm filter (size may 
vary) after the water is boiled off. Ash defines what 
is left after ‘burning’ the total solids at 550 °C and is 
a measure of the inorganic minerals. The difference 
between TS and ash may also be called volatile sus¬ 
pended solids (VSS) and represents the organic 
components which account for the major part of the 
total solids (TS) in aquaculture wastewater. 


The impurities in the water may be categorized 
as nutrients and organic matter. The main nutrients 
released from fish farms are nitrogen and phospho¬ 
rus. Nitrogen is typically inorganic and most is 
dissolved (total ammonia nitrogen, TAN; minor 
amounts as nitrite and nitrate) while phosphorus is 
mainly attached to organic substances. Some nutri¬ 
ents in particulate form may be removed with a 
simple particulate filter, for example a microscreen. 
Removal of dissolved nutrients is not quite so sim¬ 
ple, and the area needed is much larger. Several 
methods are available for removal of dissolved 
nitrogen in the form of ammonia, such as nitrifica¬ 
tion filters and ion-exchange filters (see Chapter 13). 
There are also several methods available for 
removal of dissolved phosphorus (see section 4.3.2). 
Both nutrients may of course also be removed by 
biological systems such as algae and plants. 

Organic matter is the carbon-containing material 
that is the end result of the decomposition of 
plants and animals; this is called natural organic 
matter (NOM) and occurs in all water bodies. 
Organic carbon has high energy but is unstable and 
will decompose to inorganic carbon if possible 
(COj). Organic matter is found as particulate 
organic matter (POM) and dissolved organic 
matter (DOM). All natural surface water contains 
some NOM. POM is typically removed by some 
kind of particulate filter, while DOM is far more 
difficult to remove. Measuring methods for organic 
matter include direct measurement of total 
organic carbon (TOC), and indirect measurement of 
chemical oxygen demand (COD) and biological 
oxygen demand (BOD). These last two methods 
provide a measure of how much oxygen is required 
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Figure 4.4 Principles of the system 
for removing dissolved phosphorus. 


for the oxidation of organic matter to inorganic 
carbon (CO^). The difference between BOD and 
COD is that COD includes the oxidation of heavy 
decomposable organic matter. Methods that can be 
used for removal of DOM include biological meth¬ 
ods (containing heterophilic bacteria, see Chapter 
15), physical methods (e.g. foam fractionation, 
membrane filtration) and chemical methods. 

4.3.2 Phosphorus removal: an example 

In water, phosphorus may be fixed to particles or it 
can be dissolved. In dissolved form, it typically 
occurs as orthophosphate or phosphate, but which 
ion predominates depends on pH. For removal of 
phosphorus fixed to particles, microscreens are 
typically used. Removal of the dissolved form is not 
so simple, but is possible using three basic methods: 
chemical separation, physical separation and 
biological separation. 

Chemical separation 

Chemical separation of dissolved phosphorus 
involves precipitation (see also Chapter 7) and is a 
very common method in wastewater treatment. 
Typically, aluminium or ferric chloride is used, but 
addition of lime in combination with high pH will 
also result in precipitation of dissolved phosphorus. 
However, if such water should be re-used, the added 
chemicals must not be toxic to the fish. Phosphorus 
may also be removed chemically by absorption to 
surfaces. This can be achieved by passing the water 
through a column that contains an absorption 
material. The dissolved phosphorus will be absorbed 
by the material and the water that emerges will 
have a reduced phosphorus content. 


Physical separation 

These methods for removal of dissolved phospho¬ 
rus include membrane filtration (see Chapter 8). If 
using membrane filtration directly, nanofiltration or 
reverse osmosis membranes can be used. However, 
it may also be combined with removal by active 
sludge; the dissolved phosphorus is included in the 
growing biological floe and this will be trapped by 
the membrane (see Chapter 7). This system allows 
the use of a larger, microfiltration membrane. Some 
dissolved phosphorus may also be removed with 
foam fractionation (see Chapter 7). 

Biological separation 

Dissolved phosphorus may also be removed biologi¬ 
cally. In all cellular organisms, such as bacteria and 
algae, phosphorus is essential for the synthesis of 
membranes, DNA and ATP. Biological organisms 
will therefore assimilate dissolved phosphorus. 
However, it is also possible to develop special 
bacteria that incorporate more phosphorus into 
their cells. One such system is called enhanced bio¬ 
logical phosphorus removal (EBPR)® “ (Fig. 4.4). 
This system is quite similar to active sludge culture. 
The wastewater first flows into a tank where anaero¬ 
bic conditions exist, i.e. no oxygen, but nitrate is 
available. The water then flows into a tank where 
aerobic conditions prevail. These conditions favour 
the development of heterotrophic bacteria called 
polyphosphate-accumulating organisms (PAOs). 
These bacteria accumulate additional phosphorus 
inside their cells (5-7% compared with 1-2% in a 
traditional heterotrophic active sludge culture). 

In the anaerobic environment, a suspended 
or fixed culture of PAOs will start to take up degra¬ 
dable organic matter as short-chain fatty acids. 
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acetate or volatile fatty acids (VFA). The bacteria 
metabolize these simple carbon sources using stored 
polyphosphate as electron acceptor in the absence 
of oxygen and with available nitrate. This process 
releases orthophosphate (PO^^) into the water, 
increasing the amount of dissolved phosphorus in 
the water. VFA are thus transformed into polyhy- 
droxyalkanoates, which are stored intracellularly. On 
entering the aerobic tank, the POAs become stressed 
and this stimulates consumption of the stored poly- 
hydroxyalkanoates as a carbon and energy source 
for growth using oxygen or nitrate as electron accep¬ 
tor. However, a requirement for bacterial growth is 
phosphorus, which is now available in high concen¬ 
tration in the water. Thus the POAs take up much 
more phosphorus than they released in the first tank, 
depleting the phosphorus in the wastewater. 
Bacterial growth typically occurs in floes and these 
can be removed in a settling or clarifying tank, from 
which a recycling circuit ensures that bacterial cul¬ 
ture is supplied to the anaerobic tank. In the aerobic 
tank, some ammonia will also be transformed to 
nitrate and the recycling circuit will therefore ensure 
anoxic conditions in the first tank. 

Such systems may also be used in combination 
with a membrane filter, in which case it is called a 
membrane bioreactor. The membrane unit is typi¬ 
cally submerged in the aerobic tank. A microfiltra¬ 
tion membrane is used, so that the floes are retained 
and water passes through.Compared with the tra¬ 
ditional active sludge system, the membrane bio¬ 
reactor may tolerate a higher solids concentration. 

Some dissolved phosphorus may also be removed 
by using traditional denitrifying bacteria.The 
advantage with this system is that it does not require 
switching between anaerobic and aerobic condi¬ 
tions; however, less dissolved phosphorus is taken 
up by the bacteria. 
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5 

Adjustment of pH 


5.1 Introduction 

On some sites the freshwater pH is too low to 
achieve optimal growth for fish or shellfish. At 
other sites, the buffering capacity of the water is low 
and it is difficult to avoid pH fluctuations in the 
water. This again results in negative effects on 
growth. Sites where acid rain is a problem are parti¬ 
cularly exposed to this. Further, in re-use systems 
(Chapter 14), biological filters (nitrification) are 
used to remove ammonia and this causes a drop in 
pH that must be corrected to maintain optimal 
growing conditions. 


5.2 Definitions 

pH is the measure of acidity or alkalinity in a 
solution. It is displayed on a scale between 1 and 
14, where 7 represents neutrality, while the lower 
numbers indicate increasing acidity and higher 
numbers increasing alkalinity. Each unit of change 
represents a tenfold change in acidity or alkalinity. 
What is measured is the negative logarithm of the 
effective hydrogen-ion concentration or hydrogen- 
ion activity in gram equivalents per litre of solution: 

pH = -log[H"] 

If substances are added to the water they may act 
as acids or bases or be neutral. Acids provide 
free hydrogen ions (H+) and bases free hydroxyl 
ions (OH“). 


The alkalinity of the water is a measure of its 
capacity to neutralize acids; in other wordsi ts ability 
to keep the pH constant. If the alkalinity of the water 
is low, fluctuation in pH occurs easily. The carbonate 
system normally represents the major part of the alka¬ 
linity in aquaculture systems, together with hydrox¬ 
ides (OH“). In the carbonate system, compounds are 
related to each other via different equilibria: 

CO2 + HjO <-> HjCOj 
H2CO3 HCO3" -t H^ 

HC03“ ^ 003"“ -t H^ 

where H 2 CO 3 represents carbonic acid, HCO 3 " 
bicarbonate ion, CO^^~ carbonate ion and CO^ 
carbon dioxide. 

Water with free bicarbonate will take up H+ ions. 
The amount of each ion in the water is pH-related: 
in water of low pH there is excess carbon dioxide/ 
carbonic acid, in water of pH 7 there is excess bicar¬ 
bonate, and in water of high pH excess carbonate 
ion. The units for alkalinity are either mg/L as 
CaC 03 or milliequivalents per litre (meq/L) where 
I meq/L is equal to 50 mg/L CaC 03 . 

A buffer is defined as a substance capable of neu¬ 
tralizing both acids and bases in a solution and 
thereby maintaining the original acidity or alkalin¬ 
ity of the solution and the resistance to pH changes 
when adding moderate amounts of base or acids. 

Hardness is sometimes confused with alkalinity, 
mainly because it can be expressed using the same 
units. However, hardness is a term for the sum of all 
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metal ions in the water. This is dominated by the biva¬ 
lent cations of calcium (Ca^+) and magnesium (Mg^+), 
but manganese (Mn^+), iron (Fe^^), sodium (Na+) and 
potassium (K+) may also be important. Because cal¬ 
cium and magnesium are included, hard water may 
also have high alkalinity, but this is not necessarily 
always so. If, for instance, sodium and potassium are 
responsible for the alkalinity, the hardness can be low. 
The following water classification system can be used: 
soft water, hardness less than 50 mg/L CaC 03 ; moder¬ 
ately hard water, 50-150 mg/L CaCOj; hard water, 
150-300 mg/L CaCOj; very hard water, above 
300 mg/L CaCO^.^ Conductivity may be used as a unit 
to determine hardness, measured as microsiemens 
per cm (pS/cm). 

5.3 Problems with low pH 

A pH that is too high or too low will have negative 
effects on the fish.^^® Low pH can cause damage to 
the gills, skin and eyes. Higher H+ concentrations 
will also increase the permeability of the gills, lead¬ 
ing to leakage of Na+ and CL which creates osmotic 
problems. First, the effects can be registered as a 
reduction in growth; too low a pH will kill the fish. 
In natural populations, the pH may vary from 5 to 9, 
but for aquaculture facilities it is recommended to 
be in the range 6.5-9.^’^ Problems with metals in the 
water are best avoided; tolerance may vary with fish 
species and life stage, with newly hatched fry being 
especially sensitive. For crayfish, for example, the 
pH and alkalinity must be high because they utilize 
Ca^+ in the water for shell synthesis. 

The solubility of metal ions in the water will increase 
with reduction in pH. There have been particular 
problems with the concentration of aluminium (AP+) 
in fish farming; this metal leaches from the soil or bed¬ 
rock in the catchment area. The toxicity of the com¬ 
plexes of aluminium or aluminium precipitates varies. 
A drop in pH will change the existing aluminium com¬ 
plexes to more toxic ones, meaning that fatalities can 
occur even if the pH itself does not represent any 
danger. The most stable and non-toxic forms of 
aluminium are in the pH range 6.5-6. 8 . Calcium will 
ameliorate problems with aluminium because it pro¬ 
tects the gills from aluminium and also from acidity.® 
Toxic effects also depend on temperatme, because 
rate of reaction increases with rise in temperature. 
Normally, therefore, it is not the pH that is dangerous, 
but the combination of low pH and metal ions. 


Some of the aluminium or other metal complexes 
that are toxic are unstable and will only persist for a 
short period. This may occur when mixing water with 
different qualities and characteristics, and a mixed 
zone of water with different qualities is achieved. If 
this reaches the fish tanks, fatalities may result. It is 
really important to be aware of this in intensive fish 
farming, where water from sources of different qual¬ 
ity and temperature is mixed just before entering the 
fish tank. For instance, a brief drop in pH may occur 
in a water source due to fall of acid rain or ice melt¬ 
ing in the catchment area; this may create a mixed 
zone in the water source (river or lakejwhere single 
aluminium complexes coagulate and create larger, 
more toxic aluminium complexes.^ 

In mixed zones, aluminium enters the gills and 
causes osmotic stress.® When it is taken up, it can 
cause damage to the nervous system and block enzy¬ 
matic reactions. As a defence mechanism, mucus 
may be secreted on the gills and oxygen uptake is 
thereby reduced, which may result in mortallity. If 
there is a possibility of problems with metals ions, 
choice of the correct adjustment agent is important. 

The alkalinity of the water used for intensive fish 
farming and pond aquaculture is recommended to 
be above 40 mg/L CaCO^in order to stabilize the pH 
and protect health and physical quality.^ However, 
alkalinities in the range 100-200 mg/L CaC 03 
provides several additional advantages: ( 1 ) a stable 
water source for biofilters in a re-use circuit; 
(2) buffer capacity to avoid pH fluctuation in ponds; 
and (3) reduction in toxicity of heavy metals.® In 
ponds there will be fluctuation in pH during the day 
and night due to biological processes. During the 
night, algae (phytoplankton) and fish will release 
CO 3 so the pH will drop if the alkalinity is low; dur¬ 
ing the daytime, algae will consume CO^ by photo¬ 
synthesis faster than the fish release it and therefore 
the pH will increase. The pH can vary from 5 to 10.^ 

5.4 pH of different water sources 

The pH will of course vary with the water source. 
Sea water normally has a pH between 7.8 and 8.3 
and has good buffering capacity due to the available 
free bicarbonate. There is normally no need for pH 
adjustment, the only exception being when re-using 
water to a great extent. 

For fresh surface water, whether river or lake, the 
pH will be highly dependent on the ground charac- 
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teristics and whether the catchment area is exposed 
to acid rain. Normal pH values are between 4 and 
8.5. Groundwater has a more stable pH, but the 
buffering capacity can be reduced and values 
between 5.5 and 8.5 are common. If there is lime¬ 
stone rock in the catchment area the pH will be 
high, while the pH of water coming from marshy 
areas can be low. The alkalinity of the different 
sources can vary from below lOmg/L CaCOj in soft 
fresh water to several hundred milligrams per litre 
of CaC 03 in sea water and hard fresh water.“ 

It is important to be aware that there can be 
fluctuations in the pH of freshwater during the year. 
Floods during spring may result in dramatic reduc¬ 
tions in pH, especially when snow is melting in the 
catchment area where acid has accumulated in the 
snow. Also dry weather may affect the pH of the water. 

5.5 pH adjustment 

The need for pH adjustment or neutralization of the 
water depends on the water source, the species farmed 
and the production system (e.g. water re-use system). 

The principle used to adjust pH in acid water is to 
remove the free H+ ions. Methods must therefore 
attract and bind the H+ ions and will therefore 
involve basic solutions. The pH is usually regulated 
to between 6.5 and 7 either by adding hydroxides 
(OH“) or carbonate compounds. Examples of the 
hydroxide group include lye, sodium hydroxide 
(NaOH), calcium hydroxide or slaked lime 
(Ca(OH) 3 ), and magnesium hydroxide (Mg(OH) 3 ). 
Carbonate compounds include different forms of 
lime (calcium carbonate, CaCOj, and quicklime, 
CaO), in addition to dolomite (CaMg(C 03 ) 2 , mag¬ 
nesium carbonate (MgC 03 ), sodium carbonate 
(Na 3 C 03 ) and sodium bicarbonate (Na 3 HC 03 ). 
Where there are problems with aluminium, silica 
lye has also been used with advantage to reduce the 
acute toxicity.^^’^^ Silica (SiO^) will attract labile 
aluminium and prevent the occurrence of long 
aluminium chains and creation of mixed zones. 

If carbonate compounds are used there will, in 
addition to the increase in pH, be an increase in the 
buffering capacity of the water, i.e. an increase in 
the alkalinity of the water, which will then be more 
stable against pH drops. If adding lye complexes 
this effect will be minor but the pH will increase; 
it can, however, be simple to overdose with lye so 
the pH becomes too high. 


The pH must be adjusted before the water 
reaches the fish tanks. Normally there will be a 
need for some retention time so that the adjust¬ 
ment agents can function and to prevent unstable 
toxic metal complexes reaching the fish tank 
(mixed zone problems). Treatment at the start of 
the fish farm inlet pipe or use of a holding tank to 
retain the water for some time after adding the 
pH adjuster can solve this problem. The solubility 
and rate of solution will also depend on the chem¬ 
ical chosen; for example, sodium bicarbonate will 
react quickly, while dolomite reacts more slowly. 

It is also important to achieve good mixing of the 
pH treatment agent with the incoming water; some 
kind of mixing equipment is quite normal and can, 
for instance, be a mixer, use of air bubbles or addi¬ 
tion of the chemical before pumping so that pump¬ 
ing ensures mixing. The form of the pH agent 
(liquid, meal, powder or larger grain or rock) will 
dictate the requirements for the mixing equipment. 

In a fish tank there will be an increase in the CO^ 
concentration resulting from fish metabolism. If 
fish density is high compared with the water supply 
and pure oxygen is also supplied, the reduction in 
pH may be noticeable. When adding pH-regulating 
agents to the water, care must be taken because the 
water will also contain ammonia that is toxic for the 
fish. The concentration of ammonia is dependent 
on pH (see Chapter 13), so decreasing the pH will 
reduce the concentration of dissolved ammonia. If 
the pH is adjusted without doing anything to reduce 
the concentration of ammonia, fatalities may result. 

5.6 Examples of methods 
for pH adjustment 

5.6.1 Lime 

Lime of various forms is a good substance for increas¬ 
ing the pH of acid water. When adding lime (calcium 
carbonate, CaC 03 ) to water with low pH, the follow¬ 
ing process will take place, as mentioned in section 5.2: 

CaC 03 ^ Ca^* -i- CO 3 ” (calcium carbonate is 
dissolved in water) 

-I- H^ •o HCO j (carbonate ion attracts 

H^from the water) 

HCOj -I- H^<-> H 2 CO 3 (bicarbonate attracts 
H^from the water) 
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Treated water 
to the fish 



Figure 5.1 (A) A lime slurry plant for regulation of pH in a 

fish farm; (B) lime slurry tank. 


These reactions are part of the carbonate system, 
which is the most important contributor to the 
buffering capacity of the water. What can be 
seen from these chemical equations is that when 
adding CaCOj to water, COj” ions will react with 


free H+ and reduce the amount, so increasing 
the pH. 

Lime may be used in different forms, such as 
limestone or limestone powder. Limestone powder 
(CaC 03 ), with a particle size of less than 0.005 mm, 
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may also be dissolved in water and create lime 
slurry (approximately 75% dry matter), which is 
much used for pH regulation. Lime slurry may be 
added in concentrated form or as diluted (five to ten 
times in a mixing basin) lime slurry. The container 
for storing the lime slurry must have an efficient 
mixing system so that the lime particles do not settle 
out. A dosage pump is used to add lime slurry to a 
tank where mixing of the slurry with the water whose 
pH is to be regulated takes place (Fig. 5.1). Automatic 
pH control can be achieved with a pH sensor in the 
mixing tank, the signals from which can be used to 
control the dosage pump and the amount of slurry 
added. In this way any variation in the quality of the 
incoming water can be registered and adjusted 
before the water reaches the fish tanks. To ensure 
good mixing of the slurry with the water, a diffuser 
creating air bubbles can be used in the mixing tank. 
Use of lime slurry may increase the particle content 
(turbidity) of the water, and this must be considered 
when using lime slurry on water for fry production. 

A shell-sand filter or limestone filter represents a 
simpler system, where the water has to pass through 
a layer of crushed limestone (particle size 1-3 mm) 
or shell sand.^^ As the water passes through the 
filter there will be an increase in pH. After using 
the filter for a period of time there will be a gradual 
drop in pH because the amount of C 03 ^“ is reduced. 
To avoid these drops in pH several filters can be 
connected in parallel. This makes it possible to 
refill, clean or maintain a separate filter without 
stopping the whole system. When using such 
systems, part of the water to be treated is sent over 
the limestone filter. The pH increases, and the water 
is returned to the main water flow into the fish 
tanks. However, care must be taken to avoid possi¬ 
ble mixing zones. If CO^ gas is added just before the 
limestone filter, the CO^ will increase dissolution of 
the limestone. In this way, it is possible to automati¬ 
cally control the pH by controlling the addition of 
COj gas before the filter. The reaction process in this 
filter can be described with the following equations: 

CaCOj -H HjO -H CO2 ^ Ca"^ -t 2HCO3 
HCO3 -t H+ ^ H3CO3 

A shell-sand well is a very simple and low-cost sys¬ 
tem for regulating the pH (Fig. 5.2). The incoming 
water is forced to flow up through a layer of shell 
sand and in so doing the pH of the water will 


\, Water in 



increase. This method requires manual refilling with 
shell sand to keep the pH stable. 

5.6.2 Sea water 

Sea water has a high buffering capacity and con¬ 
tains free carbonate ions (CO^”) and/or bicarbonate 
ions (HCO 3 ) which, similarly to limestone, will take 
up H+ ions and increase the pH. Addition of 2^% 
sea water to fresh water will increase the pH and 
the buffering capacity; the conductivity of the water 
will also increase. Since measuring the conductivity 
is quite simple, this method can be used for control¬ 
ling the addition of sea water. Also, the amount of 
sea water may be fixed manually depending on how 
much fresh water is used. 

When using this method for pH regulation, it is 
important to consider that sea water contains path¬ 
ogenic microorganisms, poisonous algae and other 
substances that may be harmful to the fish. A solu¬ 
tion is to pump the sea water from greater depths, 
where the numbers of algae and microorganisms 
are lower. Sea water pumped from ground water 
wells may also be used. This water normally has a 
very low content of microorganisms. It is generally 
recommended that sea water is disinfected before 
using it for neutralizing fresh water. The operator 
must also be aware of mixed zone problems. 

5.6.3 Lye or hydroxides 

Different types of lye, such as sodium hydroxide 
(NaOH), may be used for pH regulation, but special 
care must be taken before use in fish farming 
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because it is quite easy to overdose, especially when 
water quality varies. The result can be water with a 
pH that is too high, which is also toxic for the fish. 
Sodium hydroxide is strongly corrosive on metals 
and is not particularly friendly to work with. In 
solid form it is a white crystalloid non-odorous sub¬ 
stance that is easily dissolved in water; the mixing 
process produces heat and steam. 

Plants for adding dilute sodium hydroxide 
solution (3%) to the inlet water work on the same 
principle as slurry plants (Fig. 5.3). A dosage pump 
is necessary for adding sodium hydroxide solution 
to the mixing tank. The mixing tank for sodium 
hydroxide and water may be slightly smaller than 
that used for lime slurry because it is easier to mix. 

The reaction process when using sodium 
hydroxide is: 

NaOH^Na^-tOH" 

OH“-t HjO 

In water of low pH, the hydroxyl ions (OH“) will 
react with the free hydrogen ions (H+) and increase 
the pH of the water. The use of sodium hydroxide 
will, as seen from the chemical equation, only neu¬ 
tralize the water and not increase the buffering 
capacity; this is also a reason for preferring other 
methods. In water of low alkalinity, either lye or 
hydroxides may be used. 



Figure 5.3 Adjustment of pH using liquid sodium 
hydroxide (iye): (A) the tank and dosing pump for adding 
lye to the inlet water flow (note the small plastic tube 
going up to the pipe); (B) equipment for monitoring the 
pH of the water flow and for regulating the addition of lye. 
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Removal of Particles: Traditional 

Methods 


6.1 Introduction 

In aquaculture, removal of particles from a water 
flow is necessary in several places: the inlet water to 
the farm; the outlet water from the farm; or if the 
water is re-used. The inlet water is treated to avoid 
an excessively high concentration of particles reach¬ 
ing the fish. High concentrations will have a nega¬ 
tive effect on growth and may increase mortality.^-^ 
Some parasites in the water are also of a size that 
makes it possible to remove them with a traditional 
particle filter.^ They can therefore be removed from 
the water before it reaches the farm, or if used on 
the outlet water a filter could remove them from 
the water flow before it reaches the recipient water 
body. Another reason for removal of particles from 
the inlet water is that the function of other water 
treatment equipment can be negatively affected by 
the particle content (see Chapter 10). An example 
here is the disinfection plant, where a low particle 
content is required. In the outlet water, particle 
removal reduces the effect of the outlet water on 
water conditions in the recipient body.'*-^ For re-use 
systems particle removal is particularly important 
to avoid accumulation of particles in the system and 
reduction in fish growth. 

The aim of using a filter to remove particles is to 
extract a proportion of particles from the water 
flow but not all. How much is removed depends on 
the design and function of the filter. The biggest 
particles are the easiest to remove, regardless of the 
chosen method. Before the water flow reaches the 
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filter unit where the particles are removed, it must 
be treated as gently as possible to avoid breaking 
the particles and reducing their size, so increasing 
the size of the filter necessary for extraction.^ 
Gentle handling of the particles includes using low 
water velocity and having few bends, valves, etc., in 
the system that create extra turbulence. For the 
same reason, the filter ought to be placed as close to 
the source as possible; for inlet water this means as 
close to the water source and for outlet water as 
close to the production unit as possible. It is also 
important to have a sufficient flow to prevent parti¬ 
cles settling in the pipes, and by this leakage of 
nutrients. 

Particles in the water occur in different forms and 
numbers. Several methods and definitions are used 
to define the particle content of the water. Total sus¬ 
pended solids (TSS) is defined as the amount of 
particles stopped by a special fibreglass filter with a 
pore size of 0.45 pm. Total solids (TS) represents the 
total amount of particles in the water; this quantity 
can also be expressed as total dry matter (DM). 

Particles can also be classified according to size.^ 
Those smaller than 0.001 pm are classified as solu¬ 
ble or dissolved, those of 0.001-1 pm as colloidal, 
those of 1-100 pm as supercolloidal and those larger 
than 100 pm as settleable. Some nutrients may be 
totally dissolved in the water, which means that 
they cannot be removed with a traditional particle 
filter but only by other filter methods such as foam 
fractionation or membrane filtration. Biological 
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filters may also remove dissolved substances such 
as NH+ or NO 3 . 

When removing particles from the water flow 
there will also be a reduction in the discharge of 
nutrients because some are associated with parti¬ 
cles. There will also be a reduction in the number of 
microorganisms because some are attached to the 
surface of particles. 

To give some idea of the different particle sizes, 
the following can be used for illustration: cocoa and 
talcum powder, 5-10 pm; hair straw, 50-70 pm; table 
salt, 90-110 pm. The lower limit for easy identifica¬ 
tion of single particles is around 40 pm. 


6.2 Characterization of the water 

Accurate characterization of the water to be fil¬ 
tered is necessary so that the correct filter can be 
chosen. The characteristics of the inlet water will 
vary from site to site, whether it is lake water, river 
water, groundwater or sea water. Before choosing a 
filter it is therefore necessary to take samples to 
characterize the water. 

The volume of wastewater from fish farms is 
normally much higher and the concentration of 
discharged substances much lower than those 
entering a municipal wastewater treatment plant; 
however, these parameters are comparable to 
those in the water discharged from municipal 
wastewater treatment plants, i.e. water that has 
been purified.'’-’ Requirements for the design and 
construction of wastewater plants for fish farming 
are therefore different to those used to treat munic¬ 
ipal wastewater. Hence, the purification equipment 
and technology used in municipal wastewater 
treatment cannot be transferred directly to fish 
farming conditions, even if the basic principles are 
the same. Knowledge may also be transferred from 
the process industry. 

The composition of the outlet water from a fish 
farm depends on a number of factors, including spe¬ 
cies, growth rate, feed composition and utilization, 
feed conversion rate and water volume.® The first 
step in reducing the discharge from the fish farm, 
without using any filter at all, is therefore to have an 
optimal feed that is fully utilized and consumed by 
the aquatic organisms. This also includes optimal 
management of the farm, having correct water qual¬ 
ity and quantity, and feeding in an optimal way.'' 


Experiments have shown that the predominant 
particle size in the outlet water from fish farming is 
less than 30-40 pm.'’"’ The large number of small 
particles accounts for only a limited part of the 
total volume of discharged particles. Since the vol¬ 
ume of particles is much more important than the 
number of particles when considering the load on 
the recipient water body, it is of great importance to 
remove the few large particles. However, in re-use 
systems the small particles will normally dominate, 
since it is easy to remove the larger particles. This 
can be seen with water that stays brown in high re¬ 
use systems, because the small particles remain in 
the water. 

The density of faeces from fish farming varies. 
Reported densities are above 1, from 1.005 to 1.2, 
which means that the faeces will settle in water.®" 
A study of intact faeces from rainbow trout showed 
an average sinking velocity of faeces of 1-2.5 m/min 
depending on fish size." 

6.3 Methods for particle removal 
in fish farming 

Several methods are used to remove particles from 
a water flow,"and these can be classified as 
follows: 

• Mechanical filtration, also called straining or 

microscreens 

• Depth filtration, also called sand filtration or just 

filtration 

• Settling. 

It is also possible to use other methods to remove 
particles, such as flotation, membrane filtration and 
ozonation (oxidation). These methods are normally 
utilized for removing smaller particles and dis¬ 
solved substances and have until recently been too 
expensive to use in aquaculture facilities. However, 
with the increased focus on water quality, these 
methods are becoming more appealing and are 
therefore described in later chapters. 

Regardless of the method chosen, it is important 
to remember that all filter systems will cause a head 
loss. This can be quite high, for instance when using 
pressurized filters on the inlet water, with the loss 
depending on the principle employed. Acceptable 
head loss is therefore an important criterion when 
selecting an appropriate filter. 
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6.3.1 Mechanical niters and microscreens 

A mechanical filter is an obstruction that is set into 
the water flow to collect the particles and larger 
objects and allow the water to pass through. The 
principle of a mechanical filter is to separate parti¬ 
cles from water in a straining plane, either a screen 
or a bar rack. Particles bigger than the aperture in 
the screen or the distance between the bars in the 
rack will be stopped. The simplest type of mechani¬ 
cal filters comprises a static screen, a grating or 
perforated plate, or a bar rack that is set down into 
the water flow. The screen, which has apertures or 
meshes of defined size, will stop particles larger 
than the aperture/mesh size moving with the water 
flow; they are caught on the surface of the screen 
(Fig. 6.1). After a while the screen will gradually 
become blocked and a filter ‘cake’ is established on 
the surface; the head loss will increase until the 
screen is completely blocked with particles, which 
prevents any water passing through it. This results 
in an overflow. The same will be the case with a bar 
rack. Typically bar racks are used to remove larger 
particles and objects (>15mm), while screens can 
also be used on smaller objects (>20pm).“ 

When a screen is used, the particles have to be 
removed from the surface to avoid blockage. One 
way to remove them is to manually remove the 
screen from the water and clean it. This method is 
very labour intensive and is only used in special 
cases where the pore size/mesh size is very large 
compared with the major particle size in the water. 
Examples are removal of leaves from the water in 
the autumn, and stopping other large floating objects 
from entering the inlet pipe. A major aim when con¬ 
structing a mechanical filter or screen for removing 
smaller particles is therefore to find ways of prevent¬ 
ing blockage, which means the filter must be self¬ 
cleaning. The bar rack can be made self-cleaning by 
using a scraper mechanism, but this, as mentioned, is 
a device for removing larger particles. 

It is important that the screen surface is smooth 
so that the particles are not crushed. The screen can 
be made of perforated plates when the apertures 
are large (mm or cm). When a screen is used to filter 
inlet water or outlet water in fish farming, a screen 
cloth of metal or plastic threads woven to the 
wanted mesh size is employed. It is important that 
the screen surface is easy to keep clean. 

Several methods can be used to make the screen 
self-cleaning. A basic separation can be done by 
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back-flushing, vacuuming or mechanical vibration of 
the filter cloth. If mechanical vibration is used, the 
filter cloth will shake and the trapped particles will 
fall off by gravity. If such equipment is used, the filter 
cloth must be installed at an angle to the horizontal 
plane, although this method is not commonly 
employed in aquaculture. The simplest method of 
cleaning the filter is to back-flush the screen (Fig. 6.2). 

When using back-flushing or vacuuming it is 
desirable to have as large an area as possible of the 
cleaned screen in the water. The screen is used until 
it gets blocked, then it is removed for cleaning and 
new cleaned screen cloth is substituted. This process 
must not be so rapid that the efficiency is reduced 
or mechanical breakdown occurs. One common set¬ 
up used in aquaculture is a rotary screen that rotates 
partly above and partly below the water surface. 
The meshes in the screen are cleaned by back-flush¬ 
ing with either air or water when the screen is above 
the water surface, while the back-flushing water 
that contains the particles removed from the screen 
can be collected. Straining or microscreening 
has been shown to be the most effective cleaning 
method per unit surface area; in aquaculture it is 
especially effective for removal of relatively large 
particles, with the head loss for the water flow 
through the screen also being quite low. 

Rotary screen construction can be classified by 
how the screen rotates; various systems are availa¬ 
ble, of which the most common include (Fig. 6.3): 

• Axial rotating screen 

• Radial rotating screen (drum) 

• Rotating belt 

• Horizontally rotating disc. 

An axial rotating screen is placed vertically and 
stands normal to the direction of water flow. One 
common type based on this principle is the disc filter, 
which comprises one or several filter plates installed 
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Back-flushing nozzles 



vertically, with a gradual reduction in the mesh size 
of the screens. This means that the largest particles 
are removed on the first screen and smaller ones on 
subsequent screens. 

In a radial rotating screen, the flow is radial 
towards or away from the axis of rotation. A rotating 
drum is a typical filter of this type. Water to be puri¬ 
fied flows into the drum, which comprises a strain¬ 
ing cloth of appropriate mesh size fixed on a frame. 
The water has to pass through the drum, which 
means that it must leave normal (radial) to the main 
flow direction. The particles will be trapped in the 
straining cloth when flowing through the drum. 

Rotary screens, whether axial or radial, are con¬ 
structed so that the screen operates when only par¬ 
tially submerged in the water flow that is to be 


Figure 6.2 A system where the static screen is 
back-fiushed to avoid biockage. The photo shows a typical 
static screen while the sketch shows one principle of 
back-flushing. 

filtered. Back-flushing of the screen, which is used 
to clear the mesh and remove trapped particles, is 
done when the screen is rotating above the water 
surface. High-pressure water from nozzles is 
directed onto the screen so that particles are dis¬ 
lodged in the same direction that they entered the 
screen. The back-flush water containing the parti¬ 
cles is collected and represents the sludge water 
from the filter in which the concentration of parti¬ 
cles is high. Back-flushing of the straining cloth can 
be continuous or stepwise; the latter method is most 
usually used, but choice depends on the load on the 
filter and the mesh size. The water level in front of 
the screen can be used to control the rotation and 
back-flushing. When the screen is clogged, the head 
loss through the straining cloth will increase together 
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Figure 6.3 Different types of rotating fiiter with automatic back-flushing of the straining cloth. (A) Overhead view of a 
disc fiiter, where axiaily rotating screens are piaced vertically and normal to the direction of water flow; here two 
screens with different mesh sizes are shown. (B) A rotating belt filter where the water passes through the belt while the 
particles are transported to the surface. (C) Close-up of a drum filter with straining cloth. (D) Nozzles used for back- 
flushing the straining cloth. 


with the water level in front of the straining cloth. 
This increase in water level can be used to start rota¬ 
tion of the screen and the back-flushing of the 
straining cloth. However, it is important to remem¬ 
ber that a rotary screen with back-flushing will pro¬ 
duce significant quantities of back-flush water. It is 
also possible to back-flush with hot water to remove 
the layer of fat that can be created on the screen 
surface; this is done only from time to time, not on 
every back-flush, because of the increased costs. 

In a rotating belt filter the straining cloth takes 
the form of a belt stretched out by rollers at both 
ends. One of the rollers is motorized and causes the 
belt to rotate partly above and partly below the 


water surface, so back-flushing and removal of par¬ 
ticles is possible on the part of the belt that is above 
the water surface. Instead of using water for back- 
flushing, air may be used. Air at high pressure is 
blown onto the straining cloth from nozzles and dis¬ 
lodges the particles from the mesh in the opposite 
direction together with some water; this device is 
known as an air knife. When using air instead of 
water, the particle concentration (TS) in the sludge 
water is increased, but is a more cost-effective 
method. 

Another type of filter is the horizontally rotating 
disc standing above the water surface, where the 
water to be filtered enters from above and trickles 
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through the straining cloth. Particles larger than the 
mesh size of the cloth will be trapped on the cloth 
surface and must be removed, possibly by vacuum 
to avoid flooding. The concentration of particles in 
the water will then be quite high, i.e. the water has 
high TS value. 

Flow rate through the screen is determined by 
the mesh size of the screen, head loss across the 
screen, desired purification efficiency, amount and 
characteristics of particulate material in the inlet 
water, and the cross-sectional area of the screen. 
Mesh size selection is based on the maximum parti¬ 
cle size that can be allowed in the effluent. Flead 
loss depends on the percentage hole area in the 
straining cloth, amount and characteristics of par¬ 
ticulate material in the inlet water, efficiency of 
back-flushing, screen rotation speed, and flow rate. 
Typically the volume of back-flushing water is 
about 0.2-2% of the bulk flow.’ 

The choice of mesh size depends on the condi¬ 
tions and where the filter is to be used. In inlet 
water the mesh size may be as small as 20 pm and 
then some parasites will also be removed. On outlet 
water that is passing to a recipient water body, a 
mesh size between 90 and 100 pm is commonly 
used. In re-use systems, mesh sizes down to 30 pm 
are used. Reduction of mesh size will increase the 
need for new screen cloth exponentially, especially 
if it is reduced below 60 pm.’’ 

6.3.2 Depth filtration: granular medium filters 

Depth filtration, also called sand filtration or just 
filtration, means removal of particles when water 
is forced to flow through a layer of granular mate¬ 
rial with particles of various sizes and depths. 
This filtration layer can be sand or another granu¬ 
lar material (e.g. crushed glass) depending on the 
purpose for which the filter is to be used. Because 
sand is commonly used, the filter is often called a 
sand filter. The layer is not dense but contains 
a number of channels and holes created between 
the particles that constitute the filter medium 
(Fig. 6.4). 

When the water that contains particles passes 
through the filter medium, particles larger than a 
certain size will be trapped by several mechanisms:“ 
(1) particles may be too large to pass through 
the channels (straining); (2) they may settle on the 
filter (both unaltered and due to flocculation and 



Figure 6.4 Filtration in a depth filter. The black spots 
are trapped particles. 

adhesion); and (3) may be adsorbed by chemical and 
physical forces that attract them to the filter mass. 

The first process will occur in the top layer of the 
filter medium; particles are trapped because they are 
too large to pass into the channels or pores in the fil¬ 
ter media, which will then become blocked. However, 
it is of some concern that a few large particles can 
block surface channels of the medium, causing a 
large reduction in filter capacity. The head loss 
increases and the filter becomes blocked more 
quickly. Therefore it is more important to utilize set¬ 
tling, adsorption and other effects inside the filter 
medium; the total depth of the filter medium is then 
utilized, not just the top layer. However, this requires 
a low water velocity through the filter medium, which 
again means that the hydraulic load on the filter sur¬ 
face must be low. When the channels inside the filter 
are full of particles, the head loss will increase. 

The maximum particle size that will pass through 
a depth filter is determined by the grain size of the 
medium; if the grain size is small, the filter will clog 
easily. The flow rate through filter medium and the 
rate of clogging depend not only on the grain size of 
the filter medium, but also on the characteristics of 
the particulates in the water to be purified. The per¬ 
formance of a depth filter is dependent both on the 
type of filter and the operating procedures, and also 
significantly on the characteristics of the filter 
material. 

Depth filters can be classified according to the 
direction of flow through the filter medium. In an 
up-flowing filter the water flows up through the 
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filter medium, while in a down-flowing filter the 
water flows downwards; the latter type is the most 
common. Good filtration can be achieved, but the 
filter medium becomes clogged after a period. In an 
up-flowing filter the same will occur; here there 
may also be breakthrough of wastewater at one or 
several places in the filter medium if there is exces¬ 
sive clogging, provided that the water pressure is 
high enough. In this case almost all the water will 
pass through the filter via these zones and there will 
be virtually no purification. 

A depth filter should be equipped with back- 
flushing facilities, or regular manual purification of 
the filter medium will be necessary. In a traditional 
sand filtration system (on-site system, see later) 
used for purification of municipal wastewater, this 
can be the case. Such systems can be used for 
months or even years without maintenance because 
the wastewater is only discharged on to the soil sur¬ 
face. Of course, this depends on the hydraulic load 
on the surface area and the concentration of parti¬ 
cles in the water. 

If a filter is to maintain capacity, back-flushing is 
necessary. Even when this is carried out, the hydrau¬ 
lic capacity of this filter type is lower than that of, 
for instance, rotating microsieves. When back- 
flushing is in operation, the filter must be stopped; 
water is sent the opposite way through the filter 
media, so removing particles that have settled. This 
back-flushing water is sent directly to the farm out¬ 
let. Most of the running problems with depth filters 
are the result of improper back-flushing. To achieve 
proper purification of the filter medium, it is impor¬ 
tant that the back-flushing water suspends trapped 
particles. Typical amounts of back-flushing water 
are in the range 1-5 % of the bulk flow.’ 

Depth filters can be separated into those operat¬ 
ing at normal atmospheric pressure and those hav¬ 
ing an over-pressure inside the filter, i.e. pressurized 
filters (Fig. 6.5). In a pressurized filter the medium 
may be inside a sealed chamber, with the same 
overflow arrangements as for an unpressurized fil¬ 
ter. When a pressurized filter starts to clog, the pres¬ 
sure will increase and the particles will be pushed 
further down in the filter medium; ultimately such a 
filter will become totally blocked, but it takes longer 
than with an unpressurized filter. The advantages 
of pressurized filters are that a larger part of the 
filter medium height is utilized and that the back- 
flushing interval is increased. To use a pressurized 
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Figure 6.5 A pressurized depth filter with back- 
flushing. 


filter it is necessary to pressurize the water to be 
purified, normally up to 6-8 bar. Usually the water 
passes through a pressure-increase pump to achieve 
this, and consideration must be given to avoiding 
damage to the particles. If such an arrangement is 
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used on the outlet water, the pump will fragment 
the particles and the proportion of small particles, 
which are more difficult to remove, will increase. 
Therefore pressurized filters are not recommended 
for use on outlet water; however, if there is no alter¬ 
native the outlet water must be handled as carefully 
as possible. 

The normal filter medium is sand, glass or gravel. 
The size of the sand or gravel particles in the filter 
medium depends on the characteristics of the parti¬ 
cles in the water to be purified. By using small par¬ 
ticles in the medium the head loss and clogging 
velocity of the filter are increased whilst the capa¬ 
city is decreased. In a single-size sand filter, most 
of the filtration occurs in the first few centimetres. 
However, instead of using one type of medium 
throughout the whole filter, i.e. a single-size 
medium, media of several sizes (multimedia) may 
be used to increase utilization of the filter. In such 
filters, provided the water enters from the top of the 
filter and flows down, the largest media are on the 
top and the smallest on the bottom. The largest par¬ 
ticles are then removed in the top layer and increas¬ 
ingly smaller particles are removed in the lower 
layers of the filter. This will ensure a more even col¬ 
lection of particles distributed over a larger part of 
the filter and not just in the top layer. To avoid mix¬ 
ing of the media during back-flushing, media with 
different relative density can be used. The largest 
media must have the lowest density and the small¬ 
est the highest; when back-flushing from below, this 
will ensure that the largest particles stay on the top. 
In aquaria, a two-media filter comprising a layer of 
crushed anthracite or ilmenite above a layer of fine 
sand has been used.^° A third bottom layer with 
even finer particles, such as crushed ilmenite or gar¬ 
net, could also be included. Regardless of the filter 
media, it is of great importance that back-flushing is 
done correctly so that all the media are back- 
flushed, otherwise there will be zones that are still 
clogged and that will not be utilized when the filter 
is returned to operation. 

Each medium can be characterized by its grain 
size, uniformity of grain size, grain shape and rela¬ 
tive density, all factors that are important for fil¬ 
tering performance. Appropriate grain parameters 
can considerably reduce the resultant head losses. 
Granular media filters can be classified in several 
ways, including with respect to their hydraulic 
capacity as follows: (1) slow sand filters, (2) rapid 


sand filters and (3) continuously back-flushed fil- 
ters.^^ Type I filters are unpressurized, type 2 are 
pressurized, and type 3 are constructed to enable 
continuous back-flushing without interrupting 
the water flow as necessary when back-flushing 
types 1 and 2. Typical reported loading rates are 
0.68 L/s per m^ or less for slow sand filters, up to 
1.4 L/s per m^ for rapid sand filters, and up to 
5.4L/s per for continuously back-flushing sand 
filters.^^ 

In slow sand filters 2-5 mm grains are utilized,^ 
while pressurized rapid single sand filters have 
grain sizes ranging from 0.3 to 4mm.^^ Reported 
removal rates are as follows: for 0.3-mm sand, 
about 95% of particles down to 6 pm; for 0.5-mm 
sand, about 95% of particles down to 15 pm.^^ A 
typical pressurized rapid sand filter has a capacity 
of 136 kg sand, a surface area of 0.29 m^, a maxi¬ 
mum pressure of 3.5kg/cm^ and a design flow rate 
of 238 L/min. 

Depth filters can also be of the cartridge type. 
The cartridge can be made of different materials, 
such as plastic, ceramic, spun fibre or resin-bound 
fibre,^^ often specific to the supplier. The cartridge 
has a defined depth, and the waste is collected 
either inside or outside the cartridge, or has to pass 
through the cartridge. The typical cartridge filter is 
used once and then replaced. Cartridge filters can 
be used for removal of small particles and are avail¬ 
able for sizes below 1 pm. They are used on small 
water flows with low particle loads, otherwise the 
cost of operation becomes too high. 

Diatomite (DE) or precoated filters may also be 
classified as depth filters.^^ Diatomaceous earth fil¬ 
ters comprise a filter with a screen coated with DE 
(Fuller’s earth), a granular material of fossil dia¬ 
toms. A cake of DE is formed and placed on the 
filter screen that functions as a skeleton. The water 
to be purified has to pass through this filter cake 
and the particles are trapped, much in common with 
membrane filtration (see Chapter 8). When the fil¬ 
ter is dirty it can be back-flushed, or a new filter 
cake can be installed. DE filters can tolerate higher 
water flows than cartridge filters, but are best suited 
to small water flows. 

Filter bags are another simple type of filter for 
use with small water flows. The filter bag is woven 
and so forms a surface, the mesh size of which 
depends on the closeness of the weave. Particles are 
trapped on the surface of the bag. When no more 
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water will pass through, the filter bag has to be 
removed and replaced with a new or clean bag. The 
bags can be cleaned in a washing machine, for 
instance. 

6.3.3 Settling or gravity filters 
Settling basin 

Settling is a simple method for removing particles 
from water.^'* The principle utilized is that particles 
have a higher relative density than water (1.005-1.2 
compared with 1 for fresh water),^^’^^ so they will 
sink. This phenomenon can easily be observed 
when water containing suspended particles is 
allowed to stand for a period. A natural separation 
process will occur and the particles will sink to the 
bottom. The difference in relative density between 
the particles and the water controls the velocity of 
the separation process. 

For small particles (0.1-1 mm) and unobstructed 
settling, the sinking velocity of the particles is given 
by Stokes’ law: 

y _ s{Pp ~Pw)‘^p 
18// 

where F represents sinking velocity, density of 
particle, p^ density of water, g acceleration due to 
gravity, diameter of particle and p the dynamic 
viscosity of the water. This also demonstrates why 
the particles with the highest density are the sim¬ 
plest to remove. 

The simplest way to utilize gravitational force for 
separation is to send the effluent water through a 
basin with a large surface area where the water 


velocity is reduced. Separation will then occur pro¬ 
vided that the sinking velocity of the particle created 
by the gravitational force does not exceed the hori¬ 
zontal velocity component created by the water flow 
through the basin (Fig. 6.6), in which case the parti¬ 
cle will be flushed out of the basin in the water. The 
following equation can be set up to achieve settling: 

K>Q/A 

where F represents sinking velocity of the particle 
(m/h), A surface area of the basin (m^) and Q water 
flow through the basin (m%). The relation Q/A is 
called the surface load or overflow rate for the set¬ 
tling basin. Because the difference in density 
between water and faeces is small, quite a long 
hydraulic residence time is required. In fish farming 
the normal surface load is between 1 and 5m/h 
(actually m^/m^/h).^ Experience shows that a favour¬ 
able depth for the settling basin is 1 m and the width 
to length ratio is in the range 1:4 to 1:8. 

Example 

A water flow of1000 L/min (60mVh) is to be purified 
by the use of a settling basin. Determine the size and 
design of the basin. Expect a surface load of3m/h. 

Vf>QIA 

A>QIV^ 

A >60/3 
A>20m" 

This means that the surface area of the pond needs to 
be more than 20m^ to allow proper settling. If a 
width to length ratio of 1:3 is chosen for the basin, 
the exterior measurements of the basin will be about 


Water flow in Water flow out 



Low velocity of the water 

through the basin Figure 6.6 A settling basin. 
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2.6 X 7.7m. Two settling basins are needed so that one 
can be running while purification and sludge 
removal can be done in the other. 

Other designs of settling basin take account of 
hydraulic retention time (t) or mean fluid velocity 
(v ); 

t=V/Q 
= L/t= Q/A^^ 

where V represents volume of the settling basin, L 
length of settling basin and A cross-sectional area 
of the basin. Reported values for retention times 
are 15-40 min, while recommended mean fluid 
velocities are in the range l-4m/min.^ 

The flow pattern in a settling basin used in fish 
farming is normally horizontal. However, it is also 
possible to use settling with a vertical flow pattern 
and such filters will have a tower-like design. Water 
flows slowly upwards and because of gravitational 
forces the particles will sink with a greater velocity. 
Specially designed filters, such as the lamella sepa¬ 
ration filter, are used to improve settling conditions 
and also the investment requirements. Sending the 
water over biofilm can improve the settling and 
filtration efficiency; small particles will be attracted 
to and settle on the biofilm.^^ Addition of polymers 
or other chemicals before settling can be used to 
increase the particle size by flocculation, and this 
also removes smaller particles, possibly in the 
settling basin^'’ (described more thoroughly in 
Chapter 7).The great disadvantage with settling 
basins is that the settled particles remain in the 
water flow, so there is a possibility that nutrients will 
leak from the particles, especially phosphorus which 
is weakly attached to particles.^'* Additionally, resus¬ 
pension of settled particles may occur, even if parti¬ 
cles are regularly removed from the basin; for this 
reason there must be adequate depth in the settling 
basin. Continuous removal of settled particles from 
the basin is impossible from a cost perspective. 
However, the removal of settled particles must be 
carried out regularly to optimize basin function. This 
can be done by various methods, for instance using a 
vacuum pump. It is important that mixing of sludge 
and water is kept to a minimum to avoid resuspension 
of particles, with the result that nutrients pass directly 
to the outlet. It is quite common to have two settling 
basins, so that one can be used while the other is 
purified. 


Compared with a microstrainer, settling basins 
require a much greater area and this can be a disad¬ 
vantage. However, if the surroundings and ground 
conditions are suitable, settling basins are simple 
and cheap to construct. 

Results from testing shows reduced removal rates 
with small particles.^* It is quite difficult to remove 
particles smaller than 100 pm using a settling basin.^’ 
Inlet TSS values of less than lOmg/L are difficult to 
treat, and those below 6mg/L are also difficult to 
obtain.^’ To process values in this range special 
methods must be used, such as addition of polymers 
or use of biofilm to attract particles. 

Swirl separators, hydrocyclones 

In a swirl separator or a hydrocyclone, the principles 
employed are that the particles are denser than 
water and that centrifugal forces increase this 
difference.^®^^” To illustrate this, the water inside a 
cup can be rotated and the particles will be hurled 
out towards the edges (Fig. 6.7). This is also the 
reason why this filter is sometimes called a ‘tea-cup 
settler’. In a swirl separator the water enters along 
the periphery of a circular tank, so that the particles 
follow the outside edge and the purified water is 
forced into the centre. The particles will then sink to 
the bottom, while the purified water is drained out 
of the centre. Because the centrifugal forces are 
greater than the gravitational force, a smaller area is 
needed than for a traditional settling basin to remove 
the same amount of particles. Resuspension or leak¬ 
age is also less than with a settling basin, because the 
area where this occurs is smaller. However, in com¬ 
parison to the settling basin, the hydraulic load on a 
swirl separator may be much higher (20-25 m/h).^'* 

An advantage of this type of filter unit is its quite 
simple construction with no movable parts; in addi¬ 
tion it is cheap to buy and area intensive. The great 
disadvantage with swirl separators is that they 
require uniform water flow for optimal efficiency. If 
the flow is higher than the filter is designed for, the 
particles will flow out of the unit with the outlet 
water in the centre. 

Example 

An outlet water flow of 10L/min (0.6mVh) is to be 
purified using a swirl separator. The acceptable 
hydraulic load is set to 20m/h. Find the necessary 
size of the separator. 
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Figure 6.7 A swirl separator. 

the soil is used as a filter medium, and is actually the 
same as the depth filter described earlier. The water 
is distributed above the filter bed and trickles 
through the soil, in which filtration, adsorption/ 
precipitation and biological degeneration will be 
major processes. Nutrients, organic matter and 
microorganisms will be removed. The local soil, if 
suitable, is normally used as a filtration medium and 
therefore it is also called on-site treatment. 
However, soil (e.g. sand) or other suitable porous 
media such as Leca may also be trucked to the site. 
The main problem with ground filtration for 
treatment of effluent water from aquaculture is the 
large amount of water to be treated and the low 
hydraulic capacity of soil-based systems. Even if 
some improvement can be achieved by using 
suitable porous media, the area needed is still large. 
Normal values for domestic wastewater when using 


V,>Q/A 
A>Q/V^ 
y4>60/20 
A > 0.03 m" 

The radius of the separator must be more than 
9.8 cm. 

6.3.4 Integrated treatment systems 

Nature-based wastewater treatment technology 
covers several methods that can be used alone or in 
combination.^^'^^ Three mains systems can be used 
for treatment of effluent water from land-based 
aquaculture farms: ground filtration, constructed 
wetland, and pond systems. Ground filtration 
systems can be further divided into open ponds or 
subsurface trenches (Fig. 6.8). In a filtration system 
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(A) 



(C) 

Constructed wetland 



subsurface trenches are about lOOOOL/m^ per day, 
with some higher values in open ponds. Effluent 
water from aquaculture facilities has been less well 
studied and there is a lack of available values. 
Because the pollutant concentrations are lower, the 
load may be somewhat higher, but if the system is 
overloaded it will function suboptimally and 
purification will be reduced. Results from treatment 
of domestic wastewater in a cold climate (latitude 
69° N) with an annual mean temperature of 1.2 °C 
show the following results; 70% nitrogen removal, 
99% phosphorus removal, 70% chemical oxygen 
demand (COD) removal, and close to 100% 
removal of faecal coliforms. The normal flow was 
750m^/day in a 2000m^ open basin, but during snow 
melt it can be up to 3500m^/day.^^ 

If the system becomes totally clogged, a tractor 
with a shovel can remove the upper 5-10 cm of sand, 
after which the system can be used again. A typical 
value for ground filtration systems for wastewater 
is 100 L/m^ per day, but of course this varies with 
the soil conditions. Adhering to such values when 
treating outlet water from fish farming requires a 
tremendous area for water purification. When using 
depth filtration in fish farming there is a need for 
soil or masses with high hydraulic capacity. 


(B) 


! . 



Figure 6.8 Different types of integrated treatment sys¬ 
tems. (A, B) Fiitration systems where the outiet water 
from the fish farm is sent to fiiter through the bottom of a 
trench: (A) a newiy constructed fiitration trench; (B) a 
trench filied with water. (C) Sketch showing a constructed 
wetiand through which the outiet water from the fish 
farm has to pass before it reaches the recipient water 
body. The piants wili take up nutrients from the outiet 
water. 


Constructed wetlands are commonly used for 
various types of polluted water such as domestic 
and industrial wastewater, and have also been 
utilized to treat wastewater from aquaculture.'^ 
The outlet water flows into the wetland, which con¬ 
tains wetland-adapted plants and a porous earth 
medium. The plants take up and utilize the nutri¬ 
ents in the outlet water; in addition, the roots of the 
plants create an environment that improves the 
purification process. By sending outlet water from a 
salmon hatchery to an abatement pond coupled to 
a constructed wetland, the following removal rates 
were attained: solids above 98%, ammonia above 
84%, biodegradable organics and phosphorus 
above 90%.^'* 

Both ground filtration systems and constructed 
wetlands will, in addition to removal of nutrients 
and organic matter, inactivate microorganisms. The 
great disadvantage with these systems is the low 
hydraulic capacity in relation to the amounts of 
water in aquaculture. 

This type of system has much in common with 
what is described in Chapter 15 on natural re-use 
systems, where the aim is to recycle the water and 
nutrients so that, for example, the wetland can be 
harvested and the crop utilized. 
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6.4 Hydraulic loads on filter units 

It is important to be aware that a filter system is 
designed for a given flow of water with a given char¬ 
acteristic. If either less or more water than the filter 
unit is designed to treat is used, the filter will not 
functional optimally. The ability of a filter to toler¬ 
ate varying water flows, for example when draining 
a fish tank, depends on its design. Equipment using 
settling as a principle is especially intolerant of vari¬ 
ations in water flow, particularly high flows. For a 
mechanical filter, variations in load are normally 
not so critical. However, if the loads are too high the 
filter cloth may become so clogged that breakdown 
can occur. 

A common fault in aquaculture facilities is that 
the tanks and outlet pipes are incorrectly designed 
and sized, so settling of particles occurs in the sys¬ 
tem. Shock drainage of the outlet system is used, 
often once or twice a day, to remove settled parti¬ 
cles and avoid total blockage. If shock drainage is 
necessary to keep the outlet pipes open, something 
is wrong with the design and construction of the 
outlet (see Chapter 16). When shock draining the 
fish production tanks, water flow in the outlet pipes 
is increased and so is the particle concentration, 
because particles that had settled in the outlet sys¬ 
tem will now go into suspension as a result of the 
higher velocity. If the filter system does not tolerate 
variation in water flow, reduced purification results. 
This is critical, because it is in these situations that 
the number of particles is highest, and where good 
purification is necessary. Here the importance of 
choosing an appropriate filter system, and of carry¬ 
ing out the correct procedures ahead of the filter 
system, is apparent. It is also necessary to be aware 
of the interaction between the different parts of the 
farming system. 


6.5 Purification efficiency 

As shown, there are several methods for removing 
particles from a water flow. To evaluate how effec¬ 
tively a filter is functioning and to compare filter 
systems, the term purification efficiency is com¬ 
monly used (Fig. 6.9). This can be defined as 
follows: 


Q = ((Q-C„J/Q„)x100 


Before After 





Particle 
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T 
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Particle 
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Figure 6.9 The purification efficiency indicates how 
much of a substance is removed by the fiiter. 


where represents efficiency (%), concentration 
of the actual substance entering the filter and 
concentration of the actual substance exiting the 
filter. 

Example 

The concentration of suspended solids entering the 
filter units is measured and found to be 20mg/L; on 
exiting the filter the concentration is measured as 
5mg/L. Eind the purification efficiency of the filter. 

c. = ((c,„-c„„0/cjxioo 

Q = ((20-5)/20)xI00 

C=15% 

In aquaculture the efficiency is normally 
expressed as the percentage of the incoming TSS 
removed by the filter. However, it may also be used 
for other substances, such as the amount of removed 
nutrients (total phosphorus or total nitrogen) or as 
reduction in chemical oxygen demand or biological 
oxygen demand in the water passing through the 
filter. The last two measurements tell us how the 
outlet water will affect the oxygen concentration in 
the recipient water body. 

When considering removal of nutrients, it is 
important to know the proportion attached to par¬ 
ticles and not dissolved, since it is not possible to 
remove dissolved nutrients with a particle filter. 
These values depend on the species and the feed 
composition and utilization. Experiments on 
salmonids have shown that more than 80% of 
nitrogen compounds are dissolved in the water,^“ 
whereas the situation is reversed for phosphorus 
with up to 80% being attached to particles. However, 
phosphorus leaches easily from particles in the 
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water, and this is a major reason to remove particles 
from the water flow as quickly as possible. 

The efficiency of the particle filter of course 
depends on the particle concentration and 
characteristics of the water to be purified. For a 
good comparison of filter systems, they must be 
tested on exactly the same water. Typical values for 
removal of TSS from wastewater from fish farming 
range from 30 to 80% while lower values have 
been reported for water re-use systems.’ 

6.6 Dual drain tank 

Today, circular tanks with a dual drain outlet system 
are used on some farms (Fig. 6.10).^'’^’* Flere the tank 
is used as the first purification step. In a dual drain 
system gravitational forces, and the fact that the waste 
particles are denser than water, are utilized to sepa¬ 
rate the particles and collect them at one point in the 
tank. This is where a particle outlet is placed and a 
small amount of water can be withdrawn to flush the 


particles out, while the main water flow can be with¬ 
drawn elsewhere, normally higher up in the water 
mass. Several methods can be used to do this, and a 
number of different dual drain systems exist.’’ 


Dual drain 



Figure 6.10 A tank with a dual drain outlet is used for 
the first purification step. 
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Figure 6.11 A dual drain tank can be 
coupled with a small and cheap purifi¬ 
cation system. 
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Figure 6.12 Design of a fish farming 
system with no direct outiet: a iocai 
ecoiogicai soiution. 


By separating the water flow in this way, purifi¬ 
cation is achieved inside the tank. The particle con¬ 
centration in the particle outlet is considerably 
higher than in the outlet withdrawn higher up in 
the water mass. This can be the first purification 
step, and may be the only one. Since the amount of 
water flowing through the particle outlet is much 
lower than the total flow, only a small part of the 
water flow has to be treated (Fig. 6.11), so a much 
smaller filter can be used. As the water flow 
through the particle outlet can be stable, a swirl 
separator is very suitable. The amount of water 
sent through the particle outlet in the dual drain 
system varies from 0.5 to 20% depending on the 
system used. 


6.7 Local ecological solutions 

It is also possible to devise total ecological produc¬ 
tion methods for treatment of effluent water from 
intensive fish farming, not just by using it in more 
extensive forms of aquaculture such as polyculture. 
Figure 6.12 shows an integrated treatment system 
for water and local use of the sludge; several such 
systems are described in Chapter 15. 

The fish farm must employ water re-use technol¬ 
ogy to reduce the amount of outlet water. A micro¬ 
screen is used as the first step to remove the larger 


particles. Then the purified outlet water may be sent 
to a ground filtration unit or constructed wetland 
for further purification. The sludge produced by the 
microscreen can be sent to a locally installed liquid 
composting unit together with animal manure and 
eventually be used as fertilizer on nearby agricul¬ 
tural land, so avoiding long-distance transport of 
the sludge. A solution with no effluent, either of 
nutrients, organic matter or microorganisms, is 
achieved in this way. 
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7 

Protein Skimming, Rotation, 
Coagulation and Flocculation 


7.1 Introduction 

Protein skimming, also called foam fractionation or 
foam flotation, is a process that removes impurities 
from contaminated water. Typically, air bubbles 
are introduced at the bottom of a water column 
and as they rise to the surface they adsorb particles, 
colloids and dissolved substances. The basic process 
is called adsorptive bubble separation (ABS): 
the physical and chemical processes that occur at 
the liquid-gas interface remove impurities from the 
water. The effectiveness of ABS depends on a 
number of factors, including concentration, temper¬ 
ature, ionic strength, pH and type of impurities, 
all described later. The use of bubbles and chemi¬ 
cals in these separation processes is called aided 
flotation, and is the counterpart to unaided or 
natural flotation where particles float to the surface 
by means of their low density. 

In general, ABS is useful for the separation 
of diluted solutions. The method has been used 
for decades in the chemical process industry, food 
industry, pharmaceutical industry, mining indus¬ 
try, and for treatment of municipal and industrial 
wastewater.^ It is an important part of the water 
purification system in all saltwater aquaria,^® 
and is becoming increasingly common in aquacul¬ 
ture facilities for inlet water treatment, in ponds, 
in recirculation systems, and for effluent water 
treatment because it is a simple low-cost system 
for partial removal of particles, colloids and 
dissolved substances. In aquaculture, protein 
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skimmers or foam fractionators are typically 
used in the purification of water, with removal 
of contaminants and disposal of the skim/ 
foam. However, in other sectors skimmers may 
be used for concentrating protein and utilization 
of the skim, for example in the process 
industry.®-!" 

ABS may be divided into two groups based on 
what is separated: suspended solids or surface- 
active substances. Suspended solids are removed 
because air bubbles attach to the particles and this 
reduces the density. The process may be improved 
by adding chemicals to make colloids larger (floe 
creation) and dissolved substances insoluble (pre¬ 
cipitation). Surface-active substances, in dissolved, 
colloidal or suspended form, will be attracted to the 
air-bubble interface. Chemicals may also be added 
to change substances that are not surface-active 
into ones that are. In aquaculture, protein skimming 
or foam fractionation is typically a secondary mech¬ 
anism, where the primary mechanism is wastewater 
filtration. 

When using a protein skimmer in aquaculture the 
aim is to remove colloid and dissolved substances, 
while using using what is called a flotation plant 
removes particles or particles aggregated by chemi¬ 
cals. However, aquaculture water is highly diluted, 
with low concentrations of effluents compared with, 
for instance, municipal wastewater. For this reason 
protein skimmers may be used within an aquacul- 
tural system, while flotation plants are typically 


& Sons, Ltd. 


66 



Protein Skimming, Flotation, Coagulation and Flocculation 


67 


Table 7.1 A categorization of adsorptive bubbie 
separation. 


Foam created 

Flotation or froth flotation 

Foam fractionation/protein skimming 

No foam created 
Bubble fractionation 
Solvent sublimation 


used for concentrating wastewater, for instance 
back-flushing water from drum filters. Both systems 
are described separately but parts from one system 
can be used in the other in order to improve results. 

There are a number of ways to define the differ¬ 
ent ABS processes based on what is removed and 
how the process equipment functions (Table 7.1). 
Wang^^ proposed three groups based on (1) bubble 
generation techniques, (2) techniques for solid sep¬ 
aration, and (3) operational mode. Shammas and 
Bennett^^ separate flotation systems into five groups 
based on how bubbles are generated; dissolved air 
flotation (DAF), induced (dispersed) air flotation, 
froth flotation, vacuum flotation, and electrolytic 
flotation. There are other ways to categorize flota¬ 
tion, for instance as molecular, microscopic or mac¬ 
roscopic flotation based on the size of the substances 
removed. Molecular flotation typically involves the 
foam fractionation of detergents and ion flotation, 
microscopic flotation waste particles and microor¬ 
ganisms, and macroscopic flotation froth flotation 
of non-polar minerals and precipitate flotation. 
The most basic categorization includes natural and 
aided flotation. The first includes substances that 
float to the surface due to their low density, while 
the second includes addition of air bubbles as in 
ABS where the bubbles enhance the flotation. 
Flotation systems may also be divided based on use 
of chemicals to improve flotation or not. 

If using the techniques for the separation of 
solids, ABS may be divided into foam separation, 
comprising foam fractionation and froth flotation 
(including precipitate, ion flotation, molecular, 
micro and colloid, macro and ore, adsorptive), and 
non-foaming separation, including bubble fraction¬ 
ation, solvent sublimation and non-foaming flota¬ 
tion.^^ In the foam or froth-creating process 
the impurities (dissolved, colloid or suspended) are 
situated in the foam, so by removing the foam the 
impurities will be removed. In the non-foaming 


process, the impurities are adsorbed on the bubble, 
which bursts on reaching the surface, so in this case 
the part of the surface water containing the impuri¬ 
ties must be removed. The foam-creating process 
can be further separated into foam flotation and 
froth flotation. In foam flotation, naturally occur¬ 
ring surfactants are adsorbed on the bubble surface 
creating homogeneous foam. In froth flotation, 
colloids and suspended solids may be a part of 
the ‘foam’ and the system is therefore not homoge¬ 
neous and is therefore called ‘froth’. Froth flotation 
is much used in the mining industry for selective 
separation of minerals. When protein skimming 
(also called foam fractionation) is used in aquaculture 
it will normally be a combination of foam flotation 
and froth flotation, because both dissolved substances 
and particles will be removed. 

Protein skimming or flotation is also named 
‘stripping’ since the materials are stripped away 
with the help of a gas, and this may affect the gas 
concentration in the water. Separation normally 
occurs in a water column and the operational mode 
may be either batch columns or continuous separa¬ 
tion columns. 

ABS may also be classified, based on the design 
of the unit where the bubbles are added/function, as 
cell/basin or column. What differs is the height to 
diameter ratio, where a column has a high ratio and 
the cell has a low ratio. The contact time for the 
bubbles will be higher in columns. In flotation typi¬ 
cally a cell or basin is used, while columns are used 
in skimming. However, several flotation cells may 
be used in series, giving almost the same effect as 
flotation columns. Which method is chosen depends 
on the major aim with ABS. 

The mechanisms occurring in ABS require a basic 
understanding of quite difficult areas of physics, 
chemistry and mathematics, so only a simplified 
explanation is given here. In order to understand 
the principles involved, the explanation is divided 
into (1) bubble creation, (2) what happens when 
the bubbles rise in the water column, and (3) what 
happens when foam is created. The process may 
also be explained with reference to water droplets 
in air, because it is the water-gas interface that is 
most relevant to the collection of dissolved sub¬ 
stances, colloids and particles. However, the three 
steps listed above are linked and this makes basic 
understanding and theoretical optimization of such 
systems quite complex. 
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Figure 7.1 There are strong forces between water 
molecules due to hydrogen bonds. 


7.1.1 Surface tension, cohesion and adhesion 

The surface of a material will always have what is 
called surface energy, for instance Teflon has a low 
surface energy while mercury has a high surface 
energy. Water will also have a surface energy, or 
surface tension as it is called in bubbles. It is this 
surface tension that shapes the bubbles. The reason 
for the surface energy in water is the strong hydro¬ 
gen bonds between the water molecules, which 
keep the surface together (Fig. 7.1). 

The forces between single water molecules are also 
called cohesive forces. An easy way to illustrate the 
surface tension of water or the strength of the cohe¬ 
sive forces is to observe how insects or paperclips 
appear to ‘float’ on the water surface. However, water 
molecules may also attract materials/molecules they 
are in contact with, and this attraction is called the 
adhesive force. Which of the adhesive and cohesive 
forces is strongest is of major importance for water 
behaviour. This is easily explained by an example: if a 
water bubble is dropped on a surface, it will stay intact 
as a bubble if the cohesive forces are strongest; if 
the adhesive forces are strongest, the water will spread 
out on the surface. Another way to illustrate this is by 
considering water in a thin pipe. Depending on the 
surface material in the pipe, the water surface will 
either form a convex shape (cohesive forces greatest) 
or a concave shape (adhesive forces greatest). This is 
also the reason why water rises up a capillary tube, 
and why these forces are also called capillary forces. If 
the adhesive forces to a surface material are larger 
than the cohesive forces between water molecules, 
the water will wet the surface; this can be determined 
from tables of the surface energies of materials and 
surface energy of water. 

Two further examples illustrate this: (1) when a 
drop of water is released onto a Teflon surface and a 


Water drop 
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Figure 7.2 The contact angle between a bubble and a 
surface can be used to show the degree of wetting. 


mercury surface, it remains as a bubble on the Teflon 
but will wet the surface of the mercury; (2) the addi¬ 
tion of soap to the water on which a clip is floating 
reduces the surface tension and causes the clip to 
sink. However, normally, adhesive and cohesive 
forces do not act in isolation but both contribute, so 
that the shape of the droplet depends on the surface 
energy (surface tension) of the water bubble in rela¬ 
tion to the surface energy of the surface material. 
This can be measured as the degree of wetting or as 
the contact angle between the bubble and the sur¬ 
face. If there is no wetting and drops remain almost 
intact, the contact angle is 180° or close to 180° 
(Fig. 7.2). If the bubble is partly wetting the surface, 
the contact angle is 90°. If the drop completely wets 
the surface, the contact angle is zero. An angle from 
0 to 90° is referred to as wetting; an angle from 90 to 
180° is referred to as non-wetting. 

If water wets a surface, the surface is called hydro¬ 
philic, if it does not wet a surface, the surface is called 
hydrophobic. In other words, hydrophilic molecules 
are water-loving and hydrophobic molecules are 
water-hating or water-fearing. In more exact terms, 
hydrophilic molecules are those that have the ability 
to create bonds with water (hydrogen or ionic). All 
molecules will try to reduce their energy level (sur- 
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Figure 73 Depending on the hydrophobicity of the 
surface, a gas bubble will have different contact angles to 
the surface. 

face energy) and this can be done by creating bonds 
to other molecules. Water is therefore hydrophilic 
and air hydrophobic. Hydrophilic molecules are eas¬ 
ily wetted and absorb water easily, so that adding a 
small amount of water to a hydrophilic substance 
causes it to swell and create a gel; the substance can 
be totally dissolved by adding more water (how 
much can be dissolved depends on the substance). 

In a flotation system used in aquaculture there 
will be three substances: water (hydrophilic), gas 
bubbles (hydrophobic) and impurities (Fig. 7.3). 
What happens to the impurities depends on their 
nature: if not wetted by the water (i.e. they are 
hydrophobic), they will be attracted to the gas bub¬ 
ble; if completely wetted (i.e. they are hydrophilic), 
they will be attracted to the water. Which of these 
two alternatives takes place depends on the contact 
angle, so that the more hydrophobic the impurities, 
the higher the contact angle (depending on how the 
contact angle is defined to air or water). 

Molecules/substances can also be described as 
polar or non-polar. In a non-polar molecule, there is 
no permanent charge difference between one part 


Liquid 



Figure 7.4 The forces acting on a gas bubble on a 
surface. 

of the molecule and another. Non-polar molecules 
are often hydrophobic. Polar molecules are typi¬ 
cally hydrophilic, because they are able to form 
intermolecular hydrogen bonds with water because 
of the electronegativity between their component 
atoms. Hydrophobic molecules, on the other hand, 
are non-polar: they have no permanent electrical 
charge, they are not wetted and are insoluble in 
water. They do not have the ability to create bonds 
with water, and in solution often cluster together to 
form what is called a micelle (a temporary molecule 
cluster). Examples of hydrophobic molecules 
include oil, fat and wax. When drops of oil are added 
to water, the oil stays in droplets on the surface of 
the water, creating two distinct phases. 

To reduce the contact angle between water and a 
surface material with lower energy than water, the 
surface tension of the water could be reduced. This 
can be done, for example, by adding surfactants or 
surface-active agents (described later). Soap is a 
good surfactant. Adding soap to water increases the 
contact angle, so that the water will spread out over 
the surface. This is also the reason why soap cleans, 
because soapy water enters smaller pores than 
pure water. In general, most organic compounds 
reduce the surface tension and inorganic solutes 
increase the surface tension (mineral acids decrease). 
The surface tension of water is also reduced by 
increasing the temperature. 

The contact angle, or wetted angle, is determined 
by the resultant force between the cohesive and 
adhesive forces, or degree of hydrophobicity. Three 
forces interact: the surface energy of the material 
(Yjg), the surface energy of the liquid (y^j^) and the 
surface tension of the water bubble (y^g). When the 
system is stable, addition of all the forces must 
be zero, represented by the following relationship 
known as Young’s equation (Fig. 7.4). 

YsG + YsL + YLGCosa = 0 
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Figure 75 A method for measuring the surface tension 
of a bubble. 


modifiers can also be added to adjust the pH of the 
bulk solid to optimal level for bubble attachment. 

A good example illustrating wetted angle is when 
using flotation to separate minerals. The small-size 
ore particles are treated with either oil or chemicals 
so that they will not be wetted when placed in 
water. After air bubbles are added to the water, the 
mineral particles now adhere to the bubbles due 
to their hydrophobicity and in this way may be 
removed. Changing the surface properties of parti¬ 
cles/colloids with the addition of chemicals reagents 
(collectors) can be used to selectively remove 
particular impurities. 

For further reading on surface chemistry and 
adsorption, see refs 15-18. 


Examination of the equation indicates that a mate¬ 
rial with lower surface energy compared with water 
will decrease the contact angle, making the system 
more hydrophobic. Increasing the surface energy of 
the material compared with water will increase the 
contact angle, making the system more hydrophilic. 
Typically, reducing the surface tension of the bubble 
reduces the contact angle, making the system more 
hydrophilic. 

The surface tension (y) of water can be defined 
in a number of ways. One is to attach a weight to a 
thin film of water and measure how much mass is 
needed to displace a defined length of the surface 
(Fig. 7.5). Another way is to determine how much 
energy is required to increase the surface area of a 
bubble by one unit. The surface tension in small 
bubbles will be higher than in large bubbles. This 
can be determined by looking at the resulting force. 

Surface properties can be controlled by the 
addition of surface-active chemicals such as collec¬ 
tors, activators, depressants and frothers, and by this 
improve or reduce bubble adsorption.^'^ Collectors 
attached to the surface of materials make them more 
hydrophobic and enhance agglomeration. When 
adding collectors to a particle in water, the contact 
angle will increase and the bubble will more easily 
attach to the surface. Collectors are added to the sur¬ 
face by different mechanisms based on the type of 
collector (electrostatic interaction, chemical bond¬ 
ing, hydrophobic bonding), and this method is widely 
used in the mining industry. Activators allow collec¬ 
tors to bond to desired minerals/ions, while depres¬ 
sants prevent surfacing of collectors and frothers, 
and like surfactants make foam more stable. pH 


7.1.2 Surfactants 

Molecules are not simply hydrophilic or 
hydrophobic but exhibit a continuum of activity 
from completely hydrophobic to completely 
hydrophilic. Indeed some molecules have both 
hydrophobic and hydrophilic elements, so that 
one part of the molecule will be attracted to water 
while another part is repelled by water. Such mol¬ 
ecules are called amphipathic or amphiphilic, and 
are often larger molecules with long chains, such 
as many of the long-chained organic molecules 
like proteins, some fatty acids, phospholipids (cell 
membranes) and several other biological mole¬ 
cules (most of the natural organic molecules). 
Many of these molecules will have what is called 
a surface-active structure (i.e. they are sur¬ 
factants). A surfactant may be defined simply as a 
substance that interacts with a surface. Soap is 
perhaps the most well-known surfactant. Water 
molecules possess strong hydrogen bonds that 
are difficult to break, and it is difficult for other 
molecules, unless they are hydrophilic, to gain 
entry to the water. Hydrophobic molecules are 
therefore excluded from the water because of 
the strong hydrogen bonds between the water 
molecules, for example the thin fat layer that can 
be seen on the water surface when feeding a high- 
fat diet in aquaculture. 

With regard to amphipathic or amphiphilic 
molecules, the hydrophobic end will try to interact 
with the water while the hydrophobic end will 
try to escape from the water. Regarding this from 
an energy point of view, it is more energetically 
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favourable for the molecules to be on the surface 
than to be in the bulk water. What were described 
earlier as collectors, activators, depressants and 
frothers are molecules with a surfactant structure, 
but they are chemically utilized for one purpose: 
because of their interaction with particles and bub¬ 
bles, surfactants play a critical role in general indus¬ 
trial flotation processes. 

Surfactants are typically illustrated with a head 
and a tail; the head is hydrophilic and the tail is 
hydrophobic (long hydrocarbon chain). Depending 
on the charge on the surfactant head, they can be 
classified as non-ionic, anionic, cationic and zwitte- 
rionic (for more information on surfactants, see refs 
19 and 20). Surfactants may be chemical or biologi¬ 
cal in origin, for instance many bacteria produce 
surfactants. 

How surfactants affect surface tension depends 
on the surfactant concentration.^^ If the concentra¬ 
tion is low, the surfactant will have no impact; if the 
concentration is increased, the surface tension will 
decrease. However, surfactants normally behave as 
a monolayer and thus the surface is quickly satu¬ 
rated. If the surfactant concentration continues to 
increase, it will form what is called micelles (tempo¬ 
rary aggregate of surfactants). If the concentration 
is such as to saturate the surface of the liquid, this is 
called the critical micelle concentration (CMC).^^ 
When a micelle is created, the heads of the mole¬ 
cules are in contact with the water while and the 
tails project into the centre of the micelle. In this 
way the hydrophobic part is sheltered and maximal 
entropy is achieved. Emulgators are examples of 
surfactants that are often used to keep fat in water 
by forming a stable layer around the fat molecules. 

Colloids and particles may also have a similar 
structure as surfactants, i.e. there are parts or spots 
on the particle with different charges. 

7.2 Mechanisms for attachment 
and removal 

Bubbles can be used for the removal of particles, 
colloids and dissolved substances. A gas (air)-water 
interface is created and this is used to separate 
impurities from the water. The likelihood of sepa¬ 
rating a particle from the water (the medium in 
aquaculture) depends on the electric charge (polar 
or ionic) and/or hydrophobic properties (wetting 


degree) of the impurity in relation to the bubble 
and water. It is possible to categorize three main 
mechanisms in separation: (I) particle/colloid 
attachment; (2) diffusion/surfactant attachment; 
and (3) particle/colloid functions as nucleus for 
bubbles. However, it is not as simple as this because 
there is interaction between the three mechanisms. 
In addition, the density of the substance and the 
flow conditions in the unit will be important. If the 
density is low enough compared with water and 
there is no turbulent flow, the impurity will separate 
from the water only if enough time is given, but this 
is an additional effect and not part of the main 
mechanism described here. A fourth mechanism 
that might occur is bubbles being entrapped within 
floes and then removal of the floes at the surface. 

The mechanisms involved in the attachment of a 
particle to bubbles depends on a number of factors, 
where size of the particle is particularly important. 
Minimum collection typically occurs for particle 
sizes around I This is also one reason to try 

to increase the size of colloids by agglomeration 
and flocculation, so that they become easier to 
remove. For smaller colloids and dissolved or solu¬ 
ble substances, the main mechanism for bubble 
attachment is via diffusion (Brownian motion) 
and colloidal forces, while for larger particles the 
main mechanisms involve interception and colli¬ 
sion (larger particles have a noticeable weight). 
Attachment by diffusion is highly dependent on 
concentration gradients and temperature, while 
collision efficiency depends on the kinetic energy 
in the collision in relation to the surface energy. 
The surface energy depends on the surface and 
on the chemistry of the surface and the bulk solid. 
There may also be interaction between the two 
main mechanisms, because dissolved substances 
may change the chemistry of the surfaces of the 
bubbles and particles (function as a surfactant and 
reduce the surface tension and by this the zeta 
potential described later). The affinity between 
the bubbles and the substance to be removed will 
of course be of major importance in the success of 
separation. 

In DAF a third main mechanism is utilized in 
addition. Here, an air-water mix is pressurized and 
in this way becomes supersaturated with air. When 
the pressure is released, bubbles will be formed. 
Colloids/particles function as nucleation cores for 
the bubbles and are thus raised. In flotation systems. 
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particles may not be attached to air bubbles but 
are raised to the upper water layer by a bubble 
carpet. When chemicals are added, the concentra¬ 
tion may be so high that precipitation will occur. 
The velocity of this precipitation is so fast that small 
particles and air bubbles will be included and 
therefore removed. 

For all mechanisms, the size and number of the 
bubbles is important. For more information on 
flotation see refs 24-26. 

7.2.1 Attachment of particles to rising bubbles 
by collision, typically in flotation 

If particles or colloids are to be removed by gas 
bubbles, there needs to be a collision or close to a 
collision between the particle and the rising bubble. 
For bubble-particle collision important factors 
include bubble size, particle size, solid density and 
particle settling velocity.From an energy point of 
view, the kinetic energy of the particle involved in 
the collision has to be higher than the energy bar¬ 
rier between the bubble surface and the particle 
surface.^*'^^ The collision process is therefore 
improved when larger particles with more energy 
are present. However, this is not the case for 
small-size colloids, where Brownian motion is the 
major reason for attachment. Here the efficiency of 
bubble-particle collisions increases with decreasing 
particle and bubble size. Also important is that 
bubble buoyancy is large enough to lift the colloid/ 
particle to the surface, so such processes are best 
suited to low-density particles or floes. 

Bubble size will also be important because 
large bubbles will have increased buoyancy. 
However, several smaller bubbles may also attach 
to a substance. The velocity of the rising bubble 
under laminar flow conditions is typically given by 
Stokes’ law: 

18h 

where V represents velocity, g acceleration due to 
gravity, d diameter of air bubbles, Pj density of 
liquid, p^ density of gas, and h absolute viscosity. It 
should be noted that Stokes’ law is not exactly cor¬ 
rect, because small bubbles exhibit Brownian 
motion and there is more error for larger bubbles 


above 130 pm because they are elliptical in shape 
and rise faster than predicted by Stokes’ law.^^ 

Attachment time/contact time 

As the bubble rises to the surface, there has to be 
a collision between the particle and the bubble 
for the particle to be removed. There may also be 
situations where particles come close to a colli¬ 
sion and diffusion accounts for the final phase of 
attachment. The probability of this occurring 
depends on the hydrodynamic conditions in the 
ABS. If there is to be attachment between the 
bubble and particle depends on surface forces as 
well as the hydrodynamic conditions. For the 
particle to become permanently attached to the 
bubble surface film depends on the bubble- 
particle contact time, i.e. the time that the particle 
stays in contact with the bubble after collision. 
This will occur if the contact time is larger than 
the induction time, i.e. the time needed to estab¬ 
lish a fixed connection between the bubble and 
the particle.^°’^^ The contact time is highly depend¬ 
ent on how the particle hits the bubble and the 
energy involved in the collision. The induction 
time depends on the surface chemistry of the 
solid, the gas bubble and the bulk liquid. A num¬ 
ber of mathematical models describing this have 
been developed.^^ 

What is actually happening when the particle is 
fixed to the surface of a bubble? Both the water 
bubble and the particle are originally surrounded 
by a water layer, and to be connected the bubble- 
particle interface has to rupture and a new water 
layer that includes the particle has to be established. 
The three phases that are established between 
attached particle, air and water will be quite stable 
even in turbulent conditions. 

Factors affecting attachment time, induction 
time and collision energy 

The kinetics of flotation is first order, i.e. the flotation 
rate is proportional to the concentration of remova¬ 
ble impurities in the water.^^^^'* However, a number 
of factors affect the removal of impurities. 

Hydrophobicity: Most important is the degree of 
hydrophobicity, i.e. contact angle (wetting degree), 
of the particle. The air bubble is hydrophobic and 
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increasing the hydrophobicity of the particle sur¬ 
face (increasing the contact angle/higher collector 
coverage) results in faster rupture of the water film 
between the particle and the air bubble. Direct con¬ 
tact between the particle and the air is then 
achieved and the water film will include the parti¬ 
cle, leading to a reduction in induction time.^^ The 
hydrophobicity of particles/colloids is typically 
increased by the addition of chemicals called col¬ 
lectors. These will be adsorbed to the particle sur¬ 
face due to physicochemical adsorption. The 
addition of collectors must be done before the bub¬ 
ble contact chamber. 

The particles in aquaculture are typically hydro¬ 
philic, so that that they will be repelled on the 
bubble surface and have a low contact time. In 
order for the particle to become attached, the 
energy involved in the collision has to be above 
the repelling energy (zeta potential). However, 
the addition of surfactants to the water may 
change the hydrophilic state and will also reduce 
the surface tension of the bubbles, meaning 
attachment easier. 

Bubble size: Decreasing the size of bubbles will 
increase attachment efficiency as a result of shorter 
film drainage and this leads to increased contact 
time.^^ Reduction in bubble size can be accom¬ 
plished by DAT and electro-flocculation. However, 
small bubbles also have some disadvantages: lower 
ascent velocity, reduced collision efficiency and 
longer residence time. The buoyancy of small bub¬ 
bles is also reduced and consequently their ability 
to lift particles. This parameter is what differenti¬ 
ates flotation systems; for instance, flotation bubble 
size is 600 pm, while for a typical protein skimmer 
used in aquaculture smaller sizes will be an 
advantage. 

Particle size and shape: Increasing particle size sig¬ 
nificantly increases attachment time, but not neces¬ 
sarily flotation rate, due to the longer time for 
displacement of the liquid film and therefore 
longer induction time.^^ Particle shape has also 
been shown to have an effect on flotation, being 
improved by angular shapes. The particle size is 
typically increased by the addition of chemicals, 
and this improves the flotation rate.^^ Increased 
turbulence may also increase particle collision 
efficiency.^® 


Bulk liquid: The electrolyte concentration of the 
bulk liquid - water in aquaculture - is of great impor¬ 
tance for induction time. Increasing the electrolyte 
concentration increases the positive or negative 
charges depending on the initial charge. The DLVO 
theory (named after the scientists Derjaguin, 
Landau, Verwey and Overbeek) states that both par¬ 
ticles and bubbles are surrounded by an electric dou¬ 
ble layer that prevents them from approaching each 
other if they have the same charge (typically meas¬ 
ured by the zeta potential). By increasing the elec¬ 
trolyte concentration (amount of free ions), the 
thickness of the double layer will be reduced.^® 
Increasing the electrolyte concentration may also 
be used more actively: the electrolytes in sea water 
will also decrease the saturation pressure in water, 
so that gas in the form of microbubbles will be 
released and if particles use these as nucleation 
cores it will increase flotation. Direct addition of 
ions may have the same effect. 

pH: Air bubbles are softer in alkaline solution 
(high pH) compared with acidic solution (low pH), 
resulting in a larger contact area after collision, so 
that there is increased attachment with higher pH.^’ 
However, pH is also important for electrolytic 
balance. Reducing the pH (increased H+ concen¬ 
tration) will therefore reduce the charge, and the 
electrical double layer, when negative particles or 
bubbles are present. The result of this is easier 
agglomeration, so the effect of pH in aquaculture 
water will therefore be contradictory. 

Temperature: The attachment time decreases with 
increasing temperature, probably due to reduction 
in film lifetime. 


7.2.2 Improving colloid and particle removal 
rates: pretreatment 

Looking at the mechanisms that occur when 
particles attach to an air bubble, there are a number 
of ways to improve the attachment rate. Obvious 
factors are (1) to increase the particle size for small 
particles and by this increase the collision efficiency 
and (2) make the particles more hydrophobic and 
by this increase attraction forces. Increasing the size 
of particles also improves gravity settling; the 
agglomerated particles have sufficient density that 
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Figure 76 



Particles are prevented from agglomerating by electrostatic stabilization or steric stabilization. 


natural settling will occur. However, if the density 
of the agglomerated particles is low, air bubbles can 
be used for removal by froth flotation (attaching air 
bubbles to particles provides sufficient density for 
lifting). Aided agglomeration by chemicals is typi¬ 
cally done with small-sized particles and colloids, 
which are difficult to remove in typical rotating 
screens or settling ponds. The addition of collectors 
and frothers are other examples. 

Flotation is typically used for low-density floes, 
because higher-density floes will settle. Because the 
upward velocity is higher than the settling velocity, 
it is possible to achieve a higher surface load in a 
flotation basin than in a settling basin. Air bubbles 
have a higher upwards velocity than the surround¬ 
ings and thus they will collide with the floes. 

Flotation can be enhanced over settling by reduc¬ 
ing the temperature. Lower temperature reduces 
settling velocity by decreasing viscosity. High alga 
content in the water will have the same effect. 

Mechanisms preventing agglomeration 
of small-sized particles 

It is important to understand the mechanisms that 
prevent particles agglomerating, although these 
are very similar to the mechanisms involved in par¬ 
ticle attachment to a bubble. Small particles (col¬ 
loids) that are dispersed in aquaculture water are 
‘stabilized’, i.e. they are inhibited from agglomerat¬ 
ing into larger particles when they collide.^®’^® 
Stabilization of particles might be electrostatic or 
steric (Fig. 7.6). Electrostatic stabilization is due to 
the fact that all particles have a small equal charge, 
typically minus in aquaculture, that has a repelling 
effect when particles come close to each other. 


The same will be the case for bubble-particle 
attachment. Because the liquid does not have a 
charge, the DLVO theory states that around the 
minus charged particles there will be a layer of 
positive counter-ions named the diffuse double 
layer.'*” ''^ This layer can be measured by the zeta 
potential, which has a value related to the size of 
the diffuse double layer. A higher zeta potential 
therefore represents a thicker diffuse double layer, 
and it is more difficult for particles to agglomerate. 
In addition to the electrical repulsion forces there 
will be attraction forces between particles (van der 
Waals forces). The total forces affecting particles 
will therefore be the sum of the repulsion and 
the attraction forces. Normally, the electrostatic 
repulsion forces will be largest so there will be an 
energy barrier preventing agglomeration of colloids/ 
particles (Fig. 7.7). 

Steric stabilization, also called polymeric stabili¬ 
zation, occurs when the particle is covered with 
polymers, such as surfactants. There are then no 
contact points for direct particle-particle attachment, 
and the particle is said to have a ‘shield’ protecting 
it from agglomeration. In sea water, colloids are 
typically stabilized sterically with organic matter, 
some of which will have a surfactant structure. 
The zeta potential can also be used as a measure 
of steric stabilization by providing the ‘size’ of the 
polymer layer. 

A higher zeta potential reduces the potential 
for agglomeration. By reducing or removing the 
electrostatic charge, if this is the reason for 
colloid stabilization, the van der Waals’ charges 
will induce agglomeration. This is also the rationale 
for the addition of coagulation and flocculation 
chemicals. 



Protein Skimming, Flotation, Coagulation and Flocculation 


75 



Figure 7.7 There will be a repulsion energy inhibiting 
aggiomeration and an attraction energy promoting 
aggiomeration, and a total repulsion energy barrier. 


Coagulation and flocculation 

To improve the agglomeration of colloids, chemi¬ 
cals can be added to increase the size of particles 
so that they are easier to remove. The chemicals 
may also help to convert dissolved or colloidal 
substances into insoluble floes (suspended parti¬ 
cles) that can be removed. A brief review is given 
here, but there is a large literature in this area 
(see, for instance, refs 42-44). Which type of 
chemicals to add depends on the wastewater and 
how the colloids/particles are stabilized to pre¬ 
vent agglomeration. Two main principles are used: 
destabilization of particles (removing charge) so 
that natural agglomeration can be achieved or 
addition of flocculation chemicals (collectors/ 
surfactants) that attach to colloids so that a network 
of small particles is established (i.e. floes). Normally, 
coagulants will be used for destabilization and 
flocculants to increase floe size. In aquaculture, such 
processes can be used in wastewater treatment, 
dewatering of sludge water or recirculating aqua¬ 
culture system (RAS). However, use of chemicals in 
RAS has strong limitations due to possible toxic 
effects. 

Four mechanisms are typically involved in 
coagulation and flocculation of small-sized col¬ 
loids/particles (Fig. 7.8). 


(1) Double layer compression: this is the addition 
of electrolytes, i.e. charged ions with no specific 
attraction to any special particle surface, such 
as sodium chloride. This reduces the energy 
barrier against agglomeration by lowering 
the zeta potential (depending on whether it is 
positive or negative).The van der Waals’ attrac¬ 
tion forces now ensure agglomeration. 

(2) Charge neutralization: this occurs when a 
coagulant, typically an inorganic or cationic 
polymer, is adsorbed on the surface of the 
colloid due to its charge and the total charge 
of the colloid will therefore be reduced. The 
polymer may have specific affinity to special 
surfaces. 

(3) Bridging: this occurs when flocculation chemi¬ 
cals are added and they make bridges between 
colloids and established floes. 

(4) Colloid entrapment: this involves adding quite 
large doses of coagulant, leading to precipita¬ 
tion of solids, for example as metal salts. This 
process is very fast (2-7 s) and several colloids 
can be entrapped within the created floe. This is 
also named sweep floe or sweep flocculation. 
It may also be described as a form of ‘crystalli¬ 
zation’, where the colloids are included in the 
crystallization process. However, it is not a real 
crystal but a gelatinous floe that will settle 
slowly or can be removed by flotation. Such 
processes are highly pH dependent, and addi¬ 
tion of substances that regulate pH or keep it 
stable is normally necessary. 

When particles have a negative charge, as is the case 
in aquaculture, coagulants are usually positive ions, 
so that when added to water they dissolve and free 
cations are generated. Example of coagulants for 
use aquacultural wastewater treatment include 
calcium chloride (Ca^+), ferric chloride (Fe^+) and 
aluminium sulphate (AP+). Useful coagulants 
dissolve easily in water and in aquaculture water 
they generate positively charged ions. Different 
chemical reactions occur depending on how much 
of the coagulant is added. If the concentration of 
coagulants is in excess and the pH is correct, the 
concentration of coagulants will be so high that 
precipitation will occur, for instance forming 
aluminium hydroxide (Al(OH) 3 ). This is called the 
colloid entrapment mechanism. The chemical equa¬ 
tion can be described as follows: 
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Figure 78 Simplification of the four 
mechanisms involved in coaguiation 
and floccuiation. 


AI 2 ( 804)3 •18H20+3Ca(HC03)^ e^SCaSO^ 

+ 2A1(0H)3+ 6 CO 2 + I 8 H 3 O 

As can be seen from the equation, CO^ is produced 
that reduces the pH such that it might be necessary 
to add alkalinity. If the concentration of such coagu¬ 
lants is low, they can be adsorbed onto the particle 
surface and the overall charge on the particle sur¬ 
face will be reduced or neutralized. Such charge 
reduction may be generalized or it may only occur 
in spots (patches). Positive spots on negative parti¬ 
cles may function as a bridge between the particles 
so that agglomeration occurs. 

Flocculation chemicals (polymers) may also be 
added to the water, either alone or after adding 
coagulants. Polymers are long-chain molecules that 
act like a net, collecting other substances like single 
colloids and smaller floes by promoting bonds 


between the colloids. Polymers are usually water 
soluble and based on their charge and molecular 
weight they will have different effects. Polymers 
with different charges (anionic, cationic, non-ionic, 
polyampholytes, i.e. both positive and negative 
charges, surfactant) have different uses. The main 
mechanism when using flocculation chemicals is 
bridging. When used in aquaculture and where 
particles have a negative charge, flocculants will 
typically be of cationic type. Polymers used for 
enhancing flocculation are typically large synthetic 
molecules (colloid size) with high molecular weight, 
but may also be natural molecules such as sur¬ 
factants and proteins. Flocculation chemicals may 
also be used for charge neutralization. However, 
compared with typical coagulation chemicals (metal 
salts), flocculation polymers are generally more 
expensive but may have advantages, of which 
Ebeling et alC^ listed the following: lower dosage 
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requirements, reduced sludge production, easier 
storage and mixing, and the molecular weight and 
charge densities can be optimized to create 
‘designer’ flocculants. Polymers require no pH 
adjustment and are able to bridge between smaller 
particles and thus resistance to flocculation can be 
improved. An economic evaluation should be car¬ 
ried out to determine whether it is necessary to use 
both coagulants and polymers or only polymers for 
the case in question. The floes produced by good 
polymers are large and dense. However, overdos¬ 
age of polymers may inhibit flocculation because 
the entire particle surface may be covered with 
polymers and there will be no seats for bridging, so 
the particle is sterically stabilized. A large number 
of polymers are available and it is important to use 
good ones.'*^ '**’ Natural biopolymers such as chitosan 
may also be used.**’^^ 

Because there are many colloid particles in 
effluent water, destabilization of colloids will 
occur rapidly after addition of a coagulant. The 
uneven distribution of coagulants due to incomplete 
or slow mixing will result in uneven agglomeration 
and suboptimal use of the coagulants. The water 
temperature will also influence destabilization. 
A reduced temperature will increase the viscosity 
of water, resulting in reduced agglomeration rate 
(slower motion). A higher coagulant dose must 
therefore be used at lower temperatures. 

A combination of destabilizing and flocculation 
chemicals is commonly used for wastewater treatment 
in general. Destabilizing chemicals are used first, fol¬ 
lowed by the flocculation chemicals. In this way first 
small floe will be created by aggregation of colloids, 
while the polymers then help to create larger floes. 
Depending on the density of the floe, it may float and 
be removed by flotation or it may sink (settling). 
Typically, both will occur in a process where destabiliz¬ 
ing and flocculation chemicals are included together. 

The pH of the water can be of major importance 
for agglomeration because it affects the charges on 
the colloids. Adding chemicals that reduce the pH 
will also reduce the negative forces on the particles 
and enhance agglomeration; direct precipitation 
may also occur depending on the colloid concentra¬ 
tion and charge (zeta potential). 

The efficiency of destabilization is therefore 
highly dependent on the colloid concentration and 
water quality, the dose and type of coagulant, and 
the pH. Typical coagulation doses in municipal 


wastewater (not aquaculture specific) lie in the 
range 10-90 mg/L if using Manipulation of 

pH can be done with Ca(OH )2 and this is then used 
as a ‘helping’ coagulant. 

The amount of salt in the water (ionic strength) 
will affect the need for coagulant, so that the greater 
the salt content, the more coagulant is required 
because of reactions between the salt and the coagu¬ 
lation chemicals. Use of metal salts to improve coag¬ 
ulation in pure sea water will therefore be suboptimal 
because there will be interaction between the salt in 
the water and the added coagulants. 

Measurement of the zeta potential is the method 
of choice for optimizing coagulant dose. The amount 
of coagulants can also be controlled by the turbid¬ 
ity. In high-turbidity water collisions will occur 
frequently compared with low-turbidity water. The 
necessary coagulant dose increases with turbidity, 
but not proportionally, due to the increased number 
of collisions in high-turbidity water. 

Electrostatic or sterically stabilized particles 

The optimal chemical for destabilization and floc¬ 
culation also depends on how the particles are sta¬ 
bilized. If particles are electrostatically stabilized, 
all four of the mechanisms mentioned above are 
involved, although double layer compression to a 
minor degree. If particles are sterically stabilized, 
neither double layer compression nor charge neu¬ 
tralization are effective, so it is bridging and colloid 
entrapment that are the main mechanisms. Organic 
matter has an affinity for particles and, if the 
concentration in the water is high enough, will coat 
the particles, thus acting as a surfactant and causing 
steric stabilization; however, most organic matter 
will be dissolved. The surfactant may also have an 
affinity for typically used coagulants (Fe or Al). 

Precipitation may also be used alone, for instance 
raising the pH to above 8 causes precipitation of 
iron as iron hydroxide. However, in aquaculture 
there may be a problem with excessive pH regula¬ 
tion due to fish toxicity and negative effects on 
water quality, for example the concentration of CO^ 
and NH 3 . 

Removal of specific substances 

Chemicals may also be used for selective removal 
of particular substances from the water. Phosphorus 
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may be removed specifically by addition of chemi¬ 
cals in a coagulation and flocculation system, for 
instance aluminium will react with dissolved phos¬ 
phorus and result in precipitation according to the 
following main reaction:'*'* 

AP* -t POl" AIPO4 

This is of interest for fish farms for reducing the 
total phosphorus discharge to freshwater recipient 
water bodies, even if most phosphorus is attached 
to particles when it leaves the fish. 

Experience in the aquaculture sector regarding 
dosage and chemicals 

In aquaculture, coagulation and flocculation chemi¬ 
cals may be used as pretreatment before settling or 
in flotation plants or can be used as part of sludge 
dewatering. Reduction in total suspended solids 
(TSS) and total phosphorus have been achieved after 
treatment of the back-flushing water from micro- 
screens'*^ and the supernatant from settling cones.** 
Ebeling et a/.** recommend an aluminium sulphate 
dosage of 60mg/L for reduction of TSS and phospho¬ 
rus from back-wash water from microscreens filters. 
The general problem with use of chemicals in waste- 
water from aquaculture is the low concentration of 
impurities in the water, so that large plants are neces¬ 
sary. This is also the reason for using chemicals for 
the concentration of already created sludge water. 

Equipment for coagulation and flocculation 

When using one or more chemicals to increase 
particle removal it is normal to have different zones 
or chambers/cells for addition of the different 
chemicals (Fig. 7.9).Typically, the first to be added is 
the destabilizing chemical, either coagulant only or 
a combination of coagulants and pH modifiers. 


Because of the velocity of the processes that occur 
after addition of destabilizing chemicals, it is impor¬ 
tant to distribute the coagulants over the entire 
water volume as fast as possible. If this is not done, 
the chemical reaction can be too high in some zones 
and too low in others and thus there will be subop- 
timal use of chemicals. Therefore rapid mixing after 
addition of destabilizing chemicals is important 
(also called flash mixing). 

After flash mixing there should be a chamber/ 
zone with gentle agitation, regardless of whether 
flocculation chemicals are added. Slow mixing will 
increase the collision rate of the colloids and 
enhance flocculation. First, small floes will be estab¬ 
lished and they will continue to grow before settling 
or removal by flotation. It is important to mix gen¬ 
tly to avoid breaking up floes. The slow mixing 
chamber may be replaced with a flocculation tube, 
with static mixing elements. 

When floes are created by use of coagulants, 
flocculants/polymers and pH regulators, they may 
be removed by settling, flotation or a combination 
of the two.*^ ** It is normal practice for this to occur 
in a separate chamber, regardless of how the floes 
are removed. 


7.2.3 Attachment of surface-active substances, 
typically in protein skimmers 

Dissolved substances which have a hydrophobic 
or amphiphilic structure (surfactants) will typically 
be removed from the water due to electric attrac¬ 
tion to the surface. Normally, they are so small that 
they attach to the bubbles due to Brownian motion/ 
diffusion. Unfortunately, a few molecules found in 
aquacultural wastewater have a hydrophobic struc¬ 
ture such that they do not attach to the bubbles. 
Some fat molecules are an exception. An example 
illustrating this phenomenon can be observed in 
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aquaculture when feeding a high-fat diet, where a 
thin layer of fat is observed floating on the water 
surface. However, numerous amphiphilic substances 
in the water will be removed, for instance dissolved 
organic substances such as proteins, amino acids, 
amines, phosphates, urea, humic acids and fatty acids. 
In general, it is theoretically possible to remove most 
of the dissolved organic substances.^®” Inorganic 
substances may also be removed if they are 
complexed with organic matter, typically calcium 
carbonate and calcium phosphate.”®* Surfactants 
with affinity for trace metals may also be used. 

When an air bubble is introduced into a water col¬ 
umn, the nearest molecules will be attracted to the 
surface if they have an amphiphilic structure or are 
hydrophobic, and will attach to the surface if the 
attraction force is high enough. This leads to a con¬ 
centration gradient of surfactants, with the lowest 
concentration closest to the bubble surface. New sur¬ 
factants will migrate from the surrounding area due 
to diffusion/Brownian motion, and may attach when 
close to the bubble surface. However, the diffusion 
velocity for surfactants in water is very low. Chen et 
al.^^ showed that the diffusion coefficient of proteins 
as surfactants was in the order of 10 ”m% for aqua- 
cultural water. The diffusion rate depends on many 
factors, such as temperature and concentration. 
Higher temperatures result in a higher diffusion rate 
and thus the attachment efficiency of surfactants. The 
amount of surfactants will also affect the diffusion 
rate, with higher concentrations leading to higher 
diffusion rates. The structure of the surfactant will 
of course also be important. Increasing the carbon 
chain length will generally increase hydrophobicity; 
in particular, increasing the chain length of the 
non-polar part will increase adsorption. 

Since diffusion of surfactants is very slow, the 
distance to the bubble surface should be as small as 
possible, i.e. there has to be a large air-water inter¬ 
face compared with the water volume (area/volume 
relation). The surface area of a bubble (i.e. a sphere) 
is proprotional to the square of the radius, while its 
volume is proportional to the cube of the radius. 
Adding a small amount of gas creates a much larger 
interface by reducing the size of the bubbles. The 
smallness of the bubbles that can be created depends 
on many factors, including how the bubbles are gen¬ 
erated and the ionic strength of the bulk liquid (see 
later description of bubble size). In aquacultural 
practice, in a protein skimmer there will be a swarm 


of bubbles, making the water almost white under 
optimal conditions. Turbulence in the water will also 
reduce the distance between the bubble surface and 
the impurities. A counter-current system will also 
have an advantage over a co-current system. 

Bubble size will also be important for the ascent 
velocity of the bubbles and thus the contact time in 
the column. Large bubbles may rise so fast that there 
is not enough time to establish a connection between 
the surfactant and the bubble (Stokes’ law). Reducing 
bubble size reduces buoyancy, but it is important 
that bubbles retain some degree of velocity so that 
surfactants rise and are removed from the water 
column. Therefore there must be continuous renewal 
of bubble surface film, i.e. there has to be upward 
bubble movement and continuously renewed air- 
water interface. The normal way of ensuring this is to 
create a continuous flow of drops of water in air or 
bubbles of air in water, i.e. the same as required for 
an aerator for gas exchange (see Chapter 12). 

For the surfactant to attach to the surface of a 
bubble, a specific contact time is required (see 
section 7.2.1). Some proteins take up to 2 min to 
establish a proper connection with a bubble.* It 
therefore appears that the longer the contact time, 
the better the performance. However, this is only 
partly true. What is important here is that a 
monolayer of molecules is present on the bubble 
surface, i.e. the surface is fully occupied (saturated) 
and no further molecules can be attached. In other 
words, the bubble can only accept a limited amount 
of surfactants, and how much will depend on the 
type of surfactant. What might also happen is 
that more non-polar compounds can be dragged to 
the surface, replacing other minor non-polar sur¬ 
factants. Therefore optimizing these mechanisms 
depends on skimmer construction. When the sur¬ 
face is saturated with surfactants, adsorption can 
theoretically be achieved in a multilayer. However, 
because multilayer formation takes at least 1 hour, 
only monolayer formation is normally considered 
in protein skimmers for aquaculture.®” ®^ 

Convection or mixing water at the air-water 
interface is also a method for reducing the dis¬ 
tance that surfactants have to travel before reach¬ 
ing the interface. Because of this, the presence of 
turbulence will be an advantage. However, several 
substances are weakly attached to the interface 
and excessive turbulence may draw these com¬ 
pounds away from the surface and reduce the 
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efficiency. In reality, a film of organic substances 
(surfactants) is created on the bubble surface, but 
because of the upward velocity the organic matter 
on the bubble surface will be compressed and a 
matrix will be formed of strongly adsorbed organic 
matter.^®’® 

Surfactant-particle combination 

When a surfactant attaches to the bubble surface, 
the surface tension of the bubble is reduced and this 
reduces the contact angle, leading to improved 
attachment of colloids and suspended solids. In 
addition, what may also occur, and which makes 
things even more complex, is that the surfactant 
attaches to the bubble with its hydrophobic end, 
while the other end projects into the water phase as 
a ‘stick’ and can function as a polymer, attracting 
other particles (dissolved, colloids or suspended) by 
a bridging mechanism. In aquaculture, the water 
contains both surfactants and particles and therefore 
this combination occurs. The presence of these two 
mechanisms makes the process difficult to optimize, 
for instance regarding bubble size. When inducing 
particle attachment by bubble nucleation, the chem¬ 
ical complexity of the systems is obvious. 

Chen® showed that the main surfactant in 
his aquaculture water was protein (i.e. long-chain 
complex molecules). However, only some of the 
proteins will act as surfactant (i.e. amphiphilic); in 
the author’s experiment, 11% of the total protein 
was surface active. Whether proteins are function¬ 
ing as a bridge also depends on their structure, 
which differs from protein to protein. Because of 
the complexity of protein and other surfactants in 
aquaculture water, this is difficult to show theoreti¬ 
cally. Therefore, trial and error is the normal method 
for testing the efficiency of protein skimmers/foam 
fractionators in aquaculture, and thus it is difficult 
to transfer results between experiments. 

7.2.4 Particle attachment by nucleation 

The third principle used for trapping smaller 
substances as colloids and particles in DAT is to let 
them act as a bubble nucleus. Henry’s law states that 
when the pressure in a liquid that is saturated 
with air (in equilibrium) is released, air bubbles will 
be created (see Chapter 12). When bubbles nucle¬ 
ate, they will try to do so using as little energy as 


possible. The creation of bubble surface requires 
energy. If excess surface is available that could be 
incorporated into the bubble circumference, this 
will be used as a nucleation core in order to reduce 
the energy required for bubble creation. This is what 
happens if there are small particles in the water: 
bubbles will be created on the particles. The parti¬ 
cles can then be lifted to the surface (i.e. flotation). 
If many nucleation cores are available, all bubbles 
will nucleate almost homogeneously, like when 
opening a bottle of sparkling water. When the bub¬ 
bles rise through the water column more particles/ 
colloids and solute surfactants will be trapped. 

7.3 Bubbles 

7.3.1 What is a gas bubble? 

A gas bubble in water is a portion of gas surround 
by a liquid. Inside the bubble is there an over¬ 
pressure. LaPlace’s law states that the pressure 
inside the bubble must not exceed the pressure 
outside plus four times the surface tension (y) 
divided by the bubble radius. A small bubble will 
therefore have a stronger surface tension than a 
larger one with the same surrounding pressure. 
Since all substances seek to be as energy optimal as 
possible, smaller bubbles will merge into larger 
ones (bubble coalescence) if there is the opportu¬ 
nity and sufficient time (Ostwald ripening effect). 
A bubble will be formed when the total dissolved 
gas pressure in the water exceeds the ambient 
hydrostatic pressure. 

7.3.2 Methods for bubble generation 

Gas bubbles in water can be generated in different 
ways, and the bubble generation method is what 
defines the principles of ABS or flotation methods. 
Shammas and BennetT^ divided flotation into five 
categories based on the bubble generation method: 
dissolved air, induced (dispersed), directly injected, 
electrolytic and vacuum. Another classification 
defines the methods as mechanical flotation and 
DAE®” The most commonly used methods can be 
described as dispersed air flotation, induced air 
flotation or air flotation, which involve mechanical 
mixing of gas and liquid, injection through a ven¬ 
turi, or direct injection of gas by diffusers for 
example. The other common method for bubble 
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generation is dissolved air flotation, where super¬ 
saturation is used. 

Dispersed air flotation, induced air flotation 
and air flotation (mechanical flotation) 

The method for bubble generation used in protein 
skimmers or foam fractionators in aquaculture is 
typically what may be called dispersed air flotation, 
induced air flotation (lAF) or air flotation. Gas, 
typically air in aquaculture, is introduced directly 
into the water flow, either just before the bubble 
column or in the bubble column. 

Typically the air bubbles are made by sending gas 
through diffusers, air stones (air flotation) or some 
sort of venturi or venturi-like nozzle (lAF), but it 
may also be just a mechanical mixer or a high-speed 
rotating impeller sucking air into the water that cre¬ 
ates the bubbles (also named dispersed air flota¬ 
tion). The methods are actually the same as used for 
aeration of water. The venturi or other air-dragging 
nozzles can be used on the inlet flow or on part of 
the flow. If using a venturi, a pump has to be 
installed in front of the venturi to increase the pres¬ 
sure. To reduce bubble size even more, once the 
water has passed through the venturi it enters a 
pump with a needle wheel, pin wheel/adrian wheel 
or mesh wheel that breaks the bubbles into smaller 
ones, before the water enters the contact chamber. 

All these systems operate under low pressure, 
typically up to a maximum of Ibar (lOmFl^O). 
Some ceramic diffusers create smaller bubbles 
(microbubbles) but these need a higher pressure 
difference through the diffuser for creation of these 
small bubbles. The disadvantage with such systems 
is that bubble size, typically in the range 0.5-5 mm 
(with special diffusers/equipment, down to below 
0.01 mm), depends on the equipment used for intro¬ 
ducing the bubbles and the chemical composition 
of the water (i.e. sea water or fresh water). 

Using such systems is not very effective, compared 
with DAF, for removing small light waste solids and 
therefore more chemicals are used to improve the 
efficiency (see coagulation and flocculation, section 
7.2.2). However, lAF can be used to create bubbles 
for aquaculture purposes, where the aim is to remove 
both dissolved substances and particles without 
adding chemicals. 

High gas flow rates, about 400% of incoming 
liquid flow rate, have been reported in bubble 


columns utilizing lAF.^^ The flow condition in the 
column is highly turbulent. The typical mechanisms 
involved in removal of substances in such systems 
have been reported to be surface adsorption, gas 
stripping and oxidation (oxidation process at the 
surface).Because of this the foam created will 
typically be more homogeneous compared with 
DAF foam. Physical entrapment and electrochemi¬ 
cal attraction play a minor role in dispersed air flo¬ 
tation. Typical retention time in such systems is 
short, 5 min or less. Often lAF is constructed as a 
multi-cell system, allowing more opportunities for 
removal of impurities. If chemicals are added to the 
lAF system, it may cause TSS to ‘engulf the air 
bubble and thus float to the surface, including air 
bubbles in the created product (sweep floes, see 
coagulation and flocculation, section 7.2.2). 

When introducing air by impellers or diffusers 
the bubble size is typically quit large (above I mm). 
This bubbles will have quite a high ascent velocity 
(Stokes’ law), resulting in high shear forces on the 
surface where substances are adsorbed, so that it is 
not suitable for removal of weak floes. Fast rotating 
impellers or propellers may also damage the con¬ 
nection between floes and bubbles. 

Dissolved air flotation 

When using DAF, air or another gas is introduced 
into the water in a pressurized system.The 
pressure is normally above SOmH^O and typically 
below 50mH2O. Because of this the amount of gas 
able to dissolve in a given volume of water will 
increase. When releasing/reducing the pressure by 
passing the air-laden water through an area of lower 
pressure, for instance a small needle valve, the 
amount of gas that can be dissolved in the liquid will 
be reduced and thus gas bubbles are created. Just 
downstream of this restriction the gas forms a cloud 
of bubbles in the water. This is regulated by the 
Henry-Dalton law, and is the same principle that 
underlies high-pressure oxygen systems such as oxy¬ 
gen cones (see Chapter 12). A typical example of 
this can be seen when opening a new bottle of spar¬ 
kling water, and the bubbles are released. Bubbles 
created in this way are much smaller than by induced 
air systems, typically 20-80 pm. Normally, only a part 
of the flow will be exposed to air and pressurized, 
and by returning this supersaturated liquid to the 
rest of the water and releasing the pressure a swarm 
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of small bubbles will be created. Typically, the air 
flow rate is about 1% of the incoming liquid flow 
rate.^^ When bubbles are created in DAT systems 
they tend to be created on the particle surface, so 
the particles function as nucleation cores. 

DAT systems can be operated in different modes, 
pressurizing the entire water flow, a part flow or a 
re-use part flow. Because of the low solubility of air 
in water (5% by volume), it is common to recycle 
wastewater when using DAT systems. 

The following factors are reported to be the 
important for bubble attachment and impurity 
removal: physical entrapment, electrochemical 
attraction, surface adsorption and/or gas striping.^^ 
Typically (but not always) when DAT is used, 
chemicals are added to the water. Compared with 
lAF, DAT has a higher retention time in the contact 
chamber and a lower amount of gas is used. 

Other systems 

In electro-flocculation an anode and a cathode 
are introduced into the liquid.By supplying 
electricity an electric current will pass between the 
electrodes. At the cathode, hydrogen bubbles will 
be created while oxygen bubbles will be created 
at the anode. The electrodes can be sacrificial or 
non-sacrificial. Some sacrificial electrodes may also 
release coagulants into the water. The created 
bubbles typically range in size from 20 to 50 pm. 
Such systems have to some degree been used in 
general waste treatment. 

Other bubble-generating principles utilized in 
other flotation systems, but not discussed here, 
include vacuum flotation (air added under nega¬ 
tive pressure, today replaced by the simpler and 
cheaper DAT), biological flotation and deep shaft 
flotation.Bubbles may also be created by using 
surfactant solutions to reduce bubble size and sur¬ 
face tension and by this decrease the opportunities 
for bubble coalescence.'’^^’^ This may also be called 
colloidal gas aphrons (CGA)’^ or suspended air 
flotation (SAP). Cavitation may also be used for 
creation of small-sized bubbles (nanobubbles) to 
improve flotation results.’^’’'* 


7.3.3 Bubble size 

Because of the mechanism occurring in a bubble 
column, the size of the bubbles is important. 


By reducing bubble size and having the same gas 
flow, the air-water interface will be highly increased 
since surface area increases exponentially. However, 
larger bubbles will remove bulkier particles so 
the required bubble size also depends on what is 
required to be removed. The energy involved in 
the collision will also be higher due to the higher 
upward velocity of larger bubbles. In ore flotation, 
for example, recommended bubble size is between 
100 and 600 pm. 

As shown earlier, the method of bubble genera¬ 
tion is very important for bubble size. Typically, the 
smallest bubbles are produced in DAP while the 
largest bubbles are created by dispersed or directly 
induced air flotation. The pressure drop has also 
been shown to be important, with a higher pressure 
drop resulting in smaller bubbles when using both 
DAP and diffusers (pressure drop over the dif¬ 
fuser). Also the gas in the bubbles is important for 
bubble size, for example CO^ will create larger 
bubbles than air under equal conditions and ozone 
small bubbles. However, regardless of how the 
bubbles are generated, there is a distribution of 
sizes and when discussing bubble size it is the aver¬ 
age size that is stated. 

The chemical composition of the water where the 
bubbles are introduced is also of major importance 
for bubble size. Slauenwhite and Johnson’^ have 
shown that bubble size decreases or total surface area 
increases with increasing ionic concentration of the 
water. Winkel et alP^ found that seawater bubbles are 
one-quarter the size of freshwater bubbles under 
equal conditions, which of course has major impor¬ 
tance for the efficiency of ABS in aquaculture. 

Surfactants may also be adsorbed onto the 
bubble surface and decrease surface tension and by 
this the bubble size. This is what is utilized in an 
SAP system. 

Temperature is also of importance: reducing the 
temperature increases bubble production, for 
example decreasing the temperature of sea water 
from 20 °C to 5 °C increases bubble production by 
nearly 50% 7^ This is because the amount of gas that 
water may contain at full saturation is increasing 
with decreasing temperature. 

If using diffusers for bubble generation, the size 
will depend on the air flow rate, decreasing at a cer¬ 
tain limit but then remaining independent of air 
flow rate.’’ However, if surfactants are attached 
to the diffuser the surface tension is reduced, the 
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bubbles will detach earlier and smaller bubbles will 
be created (i.e. premature detachment). 

7.3.4 Bubble coalescence 

It is no use introducing small bubbles if they merge 
together once they enter the water column (i.e. 
bubble coalescence). Bubble coalescence occurs 
due to pressure differences in the bubbles. Thinking 
in terms of energy levels, the bubble will always try 
to reduce its energy level, meaning reducing its total 
surface tension. One small bubble and one large 
bubble have different surface tensions, but will have 
a reduced total energy level if the small one merges 
into the large one, i.e. by merging they gain energy. 
The smaller bubble will have the highest pressure, 
and thus there will be diffusion of gas from the 
smaller bubble to the larger one. The small bubble 
may in this way disappear. In the larger bubble, the 
internal pressure may be so high that it will burst. 

However, bubbles are typically also surrounded 
by particles with a weak minus charge (DLVO 
theory), and for coalescence to occur the energy 
gain must be of a certain level. Reducing the surface 
tension of the bubbles by adding surfactants or salt 
will reduce the possibility of bubble coalescence. 
The more hydrophobic particles cover a bubble, the 
less likely bubble coalescence will occur. 

However, tests have also been performed to 
chemically modify the bubble surface to improve 
performance, for instance for alga removal,™’^^ but 
so far such methods have not been introduced into 
aquaculture. 


7.4 Foam 

7.4.1 What is foam? 

When the air bubbles in a bubble column reach the 
surface, they may create foam. But what is foam and 
what is important for creating foam? To simplify, 
consider a single air bubble (for further reading, see 
refs 80-82). When a bubble reaches the surface and is 
pushed out of the water by its buoyancy, it will drag 
along a thin layer of water, creating a ‘foam bubble’, 
like a soap bubble. The air will now be entrapped in 
a thin water layer. Foam is therefore a lot of air bub¬ 
bles in water. The system will still be a gas in water 
system, because a continuous channel system with 


water will surround the air bubbles. The thin water 
layer around the gas bubble will be exposed to grav¬ 
ity and capillary forces. In a system containing pure 
water, the water will drain rapidly to the lower part 
of the bubble due to gravity. The thickness of the film 
rapidly decreases and will reach a critical value and 
the bubble will burst. To create a stable foam bubble, 
it needs to be stabilized to prevent it from bursting, 
i.e. the draining velocity of the water layer needs 
to be reduced. This can be done using surfactants 
(e.g. some proteins) or small-sized colloids. 

Examining a single foam bubble in more detail 
reveals a fairly complex system. The water layer 
around the bubbles is not a single film. In the middle 
it consists of a water lamella (water channel) and on 
each side there is a thin film of viscous water where 
the surfactants or particles are attracted. When a 
bubble containing surfactants ‘emerges’ through the 
water surface, the surfactant reduces the velocity of 
thinning of the water film due to gravity (acting as a 
restriction or inhibitor) and the time taken to drain 
the bubble is increased. The surfactant layers will 
also shelter the water film from evaporation. 
Colloids and suspended particles adsorbed on the 
bubble surface will have the same effect (Fig. 7.10). 

When the bubble reaches the surface and starts 
to create foam with other bubbles, the thickness of 
the water film in the bubble is quite large and grav¬ 
ity is the most important factor for draining of the 
bubble water film. Typically, the bubble is spherical 
and the bubbles are quite small. However, after the 
water has drained from the foam bubble, the shape 
becomes more polyhedral (pentagonal). The water 
film is now much thinner. Foam now undergoes the 
change from what may be called wet foam to dry 
foam, since the water content is now much lower. In 
a bubble column, dryer foam can be achieved by 
having the foam travel a long vertical distance 
before removal. The amount of water in the skim- 
mate will thus be reduced, but the majority of 
the impurities will be fixed in the film. Even when 
the bubble becomes more polyhedral, draining 
of the foam will continue but now that the water 
film is much thinner, the draining velocity is much 
lower. Typically when the water film becomes thin¬ 
ner than 10 pm, gravity draining of the bubbles is 
reduced and capillary draining becomes most 
important. When the film thickness is reduced to 
some tens of nanometers, several types of forces 
acting in balance inhibit further thinning (van der 
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Figure 710 Surfactants will reduce the draining velocity of a bubble when it reaches the water surface. 


Waals, electric, steric). However, when the thickness 
of the bubble film reaches a critical value (5-10 nm), 
even a very small external force or a small evapora¬ 
tion will result in the bubble bursting. 

The size of the bubbles that make the foam will 
of course vary due to the bubble size distribution. 
Because of the larger surface tension within a 
small foam bubble compared with a large bubble, 
small foam bubbles in contact with larger bubbles 
will drain into the larger ones (i.e. bubble coales¬ 
cence). After a while, therefore, only larger foam 
bubbles of nearly equal size remain in the foam 
(Ostwald ripening effect). 

7.4.2 Foam stability 

The stability or lifetime of the created foam is of 
course of major importance for the function of the 
bubble column. The foam is an unstable state and 
will collapse to liquid since this has a lower energy 
level. The foam has therefore to be collected before 
it bursts. If the foam is not removed before it bursts, 
the collected impurities will be released into the 
water again as floes. Based on the stability or lifetime, 
the foam can be classified as unstable, transient and 
resistant or stable foam. As an example, champagne 
foam represents unstable foam while the foam on 
beer represents stable foam. Foam from aquaculture 


represents something in between. The draining 
velocity of the foam is of major importance for the 
stability of the foam. Another important factor for 
stability is how tolerant the foam is to external forces, 
i.e. the bubbles need to have some elasticity. When a 
bubble is exposed to an external mechanical force, a 
surface tension gradient will occur and an interven¬ 
ing force will try to repair the local thinning of the 
surface film (‘self-healing’ or Gibbs-Marangoni 
effect). The viscosity of the bulk water will of course 
be important for the draining velocity. High viscosity 
will lead to reduced draining velocity. However, if 
viscosity is too high, bubble elasticity will be reduced. 
The environment around the foam will also be of 
major importance for the stability. Low humidity or 
high air velocity will increase the evaporation rate 
from the foam. An example of this can be seen when 
trying to blow soap bubbles in a desert. 

In the bubble columns used in aquaculture, sur¬ 
factants and colloids/particles both increase the elas¬ 
ticity of the surface film, decreasing the draining 
velocity and sheltering the surface against evapora¬ 
tion. Addition of polymers to the water will have the 
same effect. It is also possible to add special addi¬ 
tives (modifiers) to stabilize the foam and increase 
the lifetime. Salt will also stabilize the foam. In pure 
water there will be no impurities, including sur¬ 
factants and particles, and so no foam will be created. 
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The amount of foam created will therefore be an 
indication of the amount of impurities in the water. 
Surfactants adsorbed on the walls of the bubble will 
reduce the velocity of gas diffusion from smaller 
bubbles (with higher pressure) into larger ones due 
to pressure differences (Ostwald ripening). 

Small, low-molecular-weight colloids have many 
similarities with surfactants in stabilizing bubbles in 
ABS systems:*^ they stabilize the bubbles adsorbed 
on the surface, have a contact angle above 85° and 
typically create a stable foam. Foam stability will 
increase with decreasing particle size and increased 
concentration. 

7.4.3 Foam breakers 

It may also be useful to add foam breakers to 
decrease the lifetime of the foam, when it has been 
removed from the water or when foam is unwanted. 
This can be, for instance, blowing of dry air through 
the foam to increase evaporation from the surface 
film or a rotor that mechanically destroys the bub¬ 
bles. Spraying of water will have the same effect. 

Some materials, such as oil, may increase the col¬ 
lapse of bubbles, so that the amount of foam created 
is reduced or totally desstroyed.*^ When oil is added 
it will span the gap between the bubbles in the foam. 
The amphipathic molecules on the bubble surface 
will come into contact with the oil drop and either 
the bubble will burst or the surface will incorporate 
the oil drop. This creates a larger more unstable 
foam bubble that collapses easily. This can be a prob¬ 
lem when using freshwater protein skimming of fish 
farms using high-fat feed (e.g. in RAS). There are a 
number of commercial antifoaming agents that con¬ 
tain, for example, oil and a small amount of silica. 

7.5 Introduction of bubbles affects 
the gas concentration in the water 

The introduction of bubbles will affect gas satura¬ 
tion in the water, but the effect depends on how 
bubbles are introduced and the contact time 
between air and water. Protein skimmers are nor¬ 
mally constructed to be positive, meaning increased 
oxygen gas saturation and possible reduction in 
COj gas concentration. However, because of the 
solubility of CO^ in water, a lot of air must be added 
for any significant effect to occur, and this is highly 
dependent on the design/working principle of the pro¬ 


tein skimmer. However, both protein skimmers and 
flotation systems might lead to toxic supersaturation 
of nitrogen. Example situations include where the 
air is dragged in under vacuum or is injected under 
high pressure, and where the contact time in the 
protein skimmer is too short to achieve full gas 
exchange. This may, for instance, be a problem when 
using protein skimmers in marine fry production. 
After installing a protein skimmer it is therefore 
highly recommended that gas saturation is moni¬ 
tored to check for eventual supersaturation of 
nitrogen gas. If this is the case, a traditional aerator 
must be placed after the protein skimmer, if the 
water is going to be used on fish. 

If using a protein skimmer or flotation systems 
with a large air supply, some minor stripping effects 
on ammonia (NH,,) and other volatile components 
can be achieved. Because the typical pH in 
aquaculture is 6-7, the concentration of total ammo¬ 
nia nitrogen (TAN) in gas form (NH^) is low and 
therefore the removal rate of TAN will be rather 
low even if there is equilibrium, and more NH* will 
be transferred to NH^ as the concentration decreases. 

By removing surfactants in a protein skimmer, 
later aeration or oxygenation will be improved 
because the surfactants on the air/oxygen-water 
interface reduce the gas transfer rate. 

7.6 Use of bubble columns 
in aquaculture 

Bubble columns, either as protein skimmers/foam 
fractionators or flotation plants, can be installed at 
different locations in an aquaculture plant. Typically, 
a protein skimmer/foam fractionator is installed in 
the inlet water, in a pond or in an RAS. In RAS, it is 
typically located after a traditional particle filter or 
drum and before the biofilter. In this way the larger 
particles are removed in the particle filter and the 
protein skimmer removes smaller particles and dis¬ 
solved substances. By removing dissolved organic 
compounds before they reach the biofilter, the 
functionality of the biofilter will be improved and it 
will not be overloaded with excessive compounds. 
Because protein skimmers used in aquaculture 
remove both dissolved substances and particles, 
they are difficult to optimize. Typically, the protein 
skimmer will be used continuously but it may also 
be used for only part of the day,“ and it can be used 
on all or part of the flow. 
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There are a number of parameters that can be 
used to estimate the performance of protein skim¬ 
mers: enrichment is the concentration in the foam 
in relation to the concentration in the bulk feed 
solution; removal rate is the concentration removed 
in the foam in relation to the input concentration; 
and the recovery factor is the ratio of the mass in 
the foam to the mass in the initial feed. Enrichment 
of the foam can be partly manipulated by the skim¬ 
mer design. A counter-current system will provide 
more enrichment of the foam. Residence time in 
the column will also have an effect on enrichment 
as long as the surface is undersaturated. 

Flotation plants, often combined with settling, 
may also be used on effluent water, but it is normal 
to add coagulants and polymers, and the construction 
will therefore be different. Flowever, the principle of 
bubble adsorption is the same, and in both cases 
there are bubble columns. Typically, flotation plants 
are constructed in the form of a basin/cell, while 
protein skimmers are constructed as columns. The 
method of bubble generation normally differs: lAF 
is mostly used in protein skimmers and DAF in 
effluent flotation, but both may be used. In protein 
skimmers, the amount of air used in relation to the 
water flow is much higher. Because aquaculture 
water is very dilute compared with municipal waste- 
water, it is not common to use flotation as primary 
cleaning on effluent water but may be used as 
secondary cleaning, i.e. purifying the water from 
primary cleaning such as back-flush water from 
drum filters. If used on the whole flow, reflux of skim 
or a multistage set-up will be necessary. 

Normally, protein skimmers are installed to 
remove dissolved substances and particles, while a 
typical flotation plant is installed with the aim of 
removing suspended solids, typically floes created 
by addition of chemicals. 

7.7 Performance of protein skimmers 
and flotation plants in aquaculture 

7.7.1 What is removed in inlet or effluent 
aquaculture water with the use of protein skimmers? 

In general, protein skimmers are used in aquacul¬ 
ture to remove organic substances from the water. 
The organic substances in aquaculture water varies 
with the quality of the incoming water, the produc¬ 
tion on the farm (species, feed, growth rate, etc.), 


and whether sea water or fresh water is used. Both 
dissolved organic carbon (DOC) and particulate 
organic carbon (POC) will be removed. Major 
dissolved organic substances that are removed 
include proteins, amino acids, amines, phosphates, 
urea, humic acids and fatty acids. Particulate and 
colloidal organic substances, including microorgan¬ 
isms (bacteria, viruses, fungi and algae), faeces and 
waste feed, may also be removed. By removing such 
substances there will be a reduction in biological/ 
chemical oxygen demand and total organic carbon 
in the water. However, it is difficult to estimate the¬ 
oretically what will be removed and therefore the 
best way to proceed is trial and error. What is 
removed is also influenced by the composition of 
the water, which is highly dependent on feed 
composition and feed utilization. This makes it 
difficult to transfer results between experiments. 
The following paragraphs discuss some results from 
different experiments. It is also important to 
remember that the skimmer will only remove a 
limited fraction of the substances. The result is also 
highly dependent on contact time in the skimmer 
and whether the skimmer operates in batch mode 
or flow-through mode and whether reflux is used. 

Protein skimmers remove dissolved substances 
in aquaculture water because of their ‘surfactant’ 
structure. Chen et al.^^ found that proteins were the 
main source of surfactants in their trials with aqua¬ 
culture water. A linear relation was found between 
protein concentration (mg/L) and concentration 
of total volatile solids (TVS) (mg/L), although only 
4% of TVS were protein. In their trial, the authors 
observed an increase in protein concentration in 
the foam condensate from 10 to 70%. Experiments 
with batch systems showed that only some of the 
proteins were removed (around 10%), indicating 
that not all proteins are surface active and that 
protein can only be partly removed. More than 
90% of the surface-active protein was removed 
within 20 min in each batch trial. Increasing the 
bulk protein concentration increased the bubble 
surface concentration approximately linearly.^ 
Based on their results the authors proposed a 
mathematical model for removal of protein with 
foam fractionation.^®’® The removal rate was pro¬ 
portional to the protein concentration in the bulk 
fluid and the air flow rate. Other have also devel¬ 
oped models for removal of solutes by foam 
fractionation.®’ 
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By removing some of the protein fraction before 
it decomposes, the concentration of TAN, nitrite, 
nitrates and phosphate in the system will be indi¬ 
rectly lowered. This will also reduce the load on the 
biofilter in an RAS. Fat molecules, for example non- 
digestible fat in the feed, will also be removed by 
the protein skimmer, but removal in this case is 
based on hydrophobic properties. 

Other colloids and suspended particles may also 
be removed, either because they are linked to sur¬ 
factants or because of direct attachment to the 
ascending bubble. The majority of the particles 
removed are smaller than 30 pm, but some larger 
ones are also removed. The density of these parti¬ 
cles is low. After 30 min in a batch experiment with 
foam separation, 40% of the particles (0.5-50 pm) 
were removed.®* In a water re-use system, it is a 
great advantage to remove small particles, because 
a traditional screen filter does not remove them and 
they will accumulate. Chen et al.^ found that 95 % 
of the suspended solids in their RAS were below 
20 pm. By removing the smaller particles and small 
humic compounds, water turbidity will also be 
improved. Brambilla et al}^ showed a reduction in 
all size of particles down to 0.22 pm, but the 
efficiency was especially high for the smallest size 
particles and for particles above 60 pm in their trial 
in sea water. 

Removal of smaller particles will reduce the load 
on biofilters in RAS. An improved carbon/nitrogen 
ratio will also result. Biofilter clogging can also be 
the result of an excessively high concentration of 
solids, but small colloids will normally pass directly 
through a biological filter.*® Peng and Jae-Yoon®“ 
investigated enrichment in foam using a foam frac¬ 
tionator in a laboratory-scale seawater recirculation 
system and found the following enrichment factors: 
TSS 6.4-39.4, protein 1.6-7.3 and phosphate 1.2-3.9. 

Microorganisms such as bacteria, viruses and 
algae may also be partly removed by the protein 
skimmer due to their organic structure. This is also 
the reason for using flotation for enrichment of 
algae in algae production systems.®^ ®^ Because it 
removes bacteria and other microorganisms, a pro¬ 
tein skimmer will partly function as a disinfection 
step. In their trial with sea water and no ozone gas in 
the skimmer, Brambilla et alP found a reduction in 
heterotrophic bacteria. Suzuki et alP found a reduc¬ 
tion in several aquaculture-related bacteria but they 
added casein to improve the flotation results. 


Under normal pH, bacteria typically have a 
negative charge and will act in a similar way to colloid, 
so that a cationic surfactant may be used for 
improved removal; the surfactant is adsorbed on the 
bacterial surface and causes destabilization. Inter¬ 
action between bacteria (particles) with adsorbed 
surfactant and surfactant adsorbed directly on the 
liquid-gas interface may also occur. 

Since dissolved organic compounds are an impor¬ 
tant source of nutrients for microorganisms like 
algae and bacteria, any reduction here will also 
result in a reduction higher up the nutrient chain. 
For instance, this may reduce the fouling and the 
discoloration in RAS (with high degree of re-use). 
If there are zooplankton in the water, reduction in 
the amount of algae (phytoplankton) will also 
reduce the amount of zooplankton, which might 
have negative consequences for fry ponds where 
zooplankton can be utilized as feed. 

Some inorganic trace elements that are essential 
for fish (e.g. copper, iron and iodine) may also be 
removed in bubble columns if they become com- 
plexed with organic substances.*'' However, this is 
very limited but should be monitored in systems 
with a very high degree of re-use (e.g. aquaria) to 
ensure that levels are maintained, for instance by 
measuring salinity. In general, ions are important 
for those parameters not affected by skimming, 
including pH, alkalinity and salinity (bicarbonate, 
carbonate, chloride and sodium). However, skim- 
mimg may cause the stabilization of pH by removal 
of humic acids. Enzymes can be surface active and 
therefore can also be removed in skimmers. 

7.7.2 Factors affecting the efficiency of protein 
skimming in aquacnlture 

A number of factors affect the efficiency of a protein 
skimmer and whether it is able to create stable foam 
that can be removed. For water for aquaculture pur¬ 
poses, normally there will always be some sur¬ 
factants present, either in the incoming raw water or 
in an RAS. Higher surfactant concentrations typi¬ 
cally increase foam production. It is possible to add 
surfactants to improve the performance, so that the 
surface is saturated with surfactants. Chen et al^ 
showed that the surfactant concentration has to 
be above CMC for surfactants to be effective 
(TVS >100mg/L) and create stable foam under 
these conditions. However, an excessively high 
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concentration of surfactants may decrease the 
draining velocity of the foam, making a wetter 
foam.®'^ If the concentration is too low, there will be 
no foaming. If additional surfactants are introduced, 
for example casein,” small suspended solids (col¬ 
loids) with hydrophilic structure can be com- 
plexed to surfactants and removed from the water 
by the bubbles. Reflux of skim into the bubble 
chamber to increase the amount of surfactants may 
also be used. 

A large air-water interface is important for the 
efficiency of the skimmer, i.e. small bubbles and 
large amount of air compared with water. However, 
excessively small bubbles may result in low 
buoyancy, so an optimal system solution with regard 
to ascent velocity and bubble size must be deter¬ 
mined. Spotte” found that the optimal bubble size 
was approximately 0.8 mm in diameter, when intro¬ 
duced into the designed contact chamber at a rate 
of 1.8 cm/s per cm^ of chamber cross-section, but 
this value is highly dependent on skimmer con¬ 
struction and its working principle, aquaculture 
water quality, and what is to be removed. Redos 
et al.^^ recommended a bubble size in aquaria of 
0.5-0.8 mm. For non-aquacultural protein skim¬ 
ming, Uraizee and Narsimhan” showed increased 
enrichment by increasing bubble size with refer¬ 
ence to their water quality and skimmer construc¬ 
tion. Generally, bubble sizes below 1 mm are 
recommended. 

An increased gas velocity may increase foam 
production but decrease the surfactant concentra¬ 
tion in the foam, reducing the enrichment of 
foam.”’” Increased residence time in the column 
will also increase enrichment,^® but increase the 
likelihood of bubbles bursting. Weeks et alF' 
showed that protein removal rates were inde¬ 
pendent of water flow, but directly proportional to 
air flow with regard to their skimmer design and 
water quality. 

The salinity of the water has a great impact on 
the performance of a protein skimmer and its ability 
to create stable foam, due to reduced bubble size 
and bubble coalescence in sea water. The salt 
stabilizes the bubbles and it is difficult for them to 
burst. In fresh water the bubbles are larger and they 
collapse easier so it is more difficult to create stable 
foam. Several manufacturers of protein skimmers 
do not recommend using their machines on fresh 
water if using air, so it is important to obtain 



Figure 7.11 Foam may be created when waves hit the 
shore. 


documentation of performance in fresh water of 
the same quality if intending to use a protein 
skimmer for these purposes. The typical bubble size 
created in fresh water is between 3 and 5 mm, unless 
using special equipment to generate smaller 
bubbles. However, it is not impossible to use protein 
skimmers in fresh water but it depends on the 
equipment and how it is used, and also that 
there are enough surfactants in the water to stabilize 
the bubble. If the concentration is high enough, 
foam will be created. An example of this can be 
seen in waterfalls in rivers coming from meadow 
areas. After heavy rainfall the river water contains a 
lot of humic acids and a stiff stable foam will be 
created. This can be seen floating on the water 
surface like snowballs. Under normal conditions, 
however, no foam will be created. Another example 
that illustrates the difference in foam creation 
between fresh and sea water can be seen in the 
wake from a boat with an outboard motor: the air 
bubbles that the propeller drags into the water are 
far more time stable in sea water than in fresh water. 
Another example can be seen when looking at 
waves hitting the shore: in sea water, foam is created 
(Fig. 7.11) but this occurs to only a minor degree in 
fresh water. 

The pH of the water may also have an effect on 
foam creation. Increasing the pH reduces bubble 
size, creates more stable foam and produces higher 
enrichment.”’” However, reducing the pH to the 
isoelectric point will reduce the negative charge on 
proteins and therefore increases the efficiency,““ so 
the effects are slightly contradictory. 
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That the water contains foam-inhibiting materi¬ 
als might be a problem in aquaculture, for instance 
when using freshwater protein skimming on fish 
farms using high-fat feed. Of course there has to 
be some water flow through the protein skimmer. 
The importance of water flow is controversial; some 
say it has high importance while others say it is of 
only minor value for aquaria skimmers.^^ Higher 
water flow creates more turbulence, but it may be 
more difficult to stabilize impurities on the bubble 
surface. Temperature will also influence protein 
skimming, since foam stability decreases with 
increasing temperature. 

7.7.3 Use of ozone 

Even though it is very cheap, air is not the only gas 
that can be used to create bubbles in a protein skim¬ 
mer. Ozone may also be used and has a number of 
documented positive effects on water quality for 
aquaculture (see Chapter 10). Ozone is a gas that 
has to be introduced into the water phase. The pro¬ 
tein skimmer can therefore be the place to include 
ozone in the water treatment process in order to 
avoid building a separate ozone introduction and 
reaction chamber. Ozone, or preferably a mix of air 
and ozone, can be generated using a low-efficiency 
ozone generator introduced into the water, and cre¬ 
ates an ozone/air-water interface. 

The effect of using ozone in protein skimmers 
may vary with water quality. What normally happens 
when ozone is added to water is that chemical 
reactions start and long-chain complex molecules 
like protein will be oxidized and broken down. 
If the end products are more amphiphilic than the 
initial compound, the skimmer will have improved 
performance; if more hydrophilic compounds are 
created, it will reduce performance. However, the 
number of surfactants will also increase, because of 
the breakdown of long-chain amphiphilic mole¬ 
cules. If the initial surfactant concentration is below 
CMC, the performance of the skimmer will be 
improved. Larger particles will also be broken down 
and have the same effect, i.e. improved stabilization 
of the bubbles. Thus the efficiency of the skimmer 
when adding ozone instead of air may vary. Addition 
of ozone will typically also eliminate the discolora¬ 
tion of water that occurs to a high degree in RAS. 

Adding a very small dose of ozone (0.01- 
0.03 mg/L) to sea water alters the charge on some 


particles so that they become more hydrophobic 
and thus attach to the bubble surface.If the con¬ 
centration of ozone is increased, the surfactants 
(carbon chains) attached to bubbles may break 
down into smaller hydrophilic parts. In one exam¬ 
ple, ozone was added to maintain an oxidation- 
reduction potential (ORP) of about 300mV in 
RAS.“^ Orellana^^ showed beneficial use of ozone 
in marine RAS in terms of enhanced foam forma¬ 
tion, particle aggregation, subsequent removal of 
fines and reduced bacterial counts with an upper 
limit of ORP of 350 mV. Park et al.™ found that use 
of ozone in counter-current seawater foam fraction¬ 
ators generally improves the generation of foam 
and thereby increases solids removal. Two doses 
of ozone were applied (20g/day and 40g/day per kg 
of feed) but there was no significant difference 
between the two doses. However, the overall mean 
particle diameter of solids in the foam decreased as 
ozonation increased. These authors also observed 
improved removal efficiency of heterotrophic bac¬ 
teria, even at the lowest ozone concentration. 

It has long been acknowledged that ozone 
increases the efficiency of protein skimmers used 
in seawater aquaria, where they are a major compo¬ 
nent, but some question this and it may rather 
reduce the efficiency.*'* This is highly dependent on 
water quality, water exchange, and what complexes 
into the foam, and the mechanisms discussed above. 

In freshwater aquaculture, a small doze of ozone 
in the skimmer will most probably have a positive 
effect: it oxidizes available organic contaminants, 
increasing the amount of available surfactant 
and reducing bubble size. Bubbles created by ozone 
will also have a smaller size than bubbles created 
by air, which improves the removal of dissolved 
substances. 

7.7.4 Bubble fractionation 

Another ABS method that contains the same 
elements as a protein skimmer but which instead of 
removing the created foam drains the top surface 
water in the contact chamber might be called bub¬ 
ble fractionation.*°* *°*’ Such a method can be used 
when no foam is created. 

In fresh water, bubbles typically burst too fast 
when they reach the surface so no stiff foam laden 
with organic matter is created. Our experiments on 
fresh water have shown that the concentration of 
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Figure 7.12 Bubble fractionation may be used for 
purification of water from aquaculture. 


particles and organic compounds is much higher 
close to the water surface than further down in the 
contact chamber even if no foam is created in 
the skimmer, i.e. the adsorption process will also 
function here. In our experiment a venturi skimmer 
was used and no stable foam was created. Such a 
system might therefore be used in fresh water if the 
generated bubbles are too large or the amount of 
surfactants too low to create stable foam (Fig. 7.12). 
Reflux of surface water to increase the surfactant 
concentration might be another solution. 

7.8 Design and dimensioning of 
protein skimmers and flotation plants 

7.8.1 Protein skimmers: principles and design 

As discussed earlier, there are a number of possible 
designs of an absorptive bubble column, from a 
simple pipe to more advanced loop, multistage or 
downflow columns.^’^i“’^^^ These designs can also 
incorporate internal reflux, in which some of the 
foam is returned to the contact chamber to increase 
the foam production (also called enrichment 
mode).i^^“^“ If internal reflux is not used, foam sep¬ 
aration can be either co-current or counter-current. 
The counter-current arrangement may also be 
called stripping mode. In addition, protein skim¬ 
mers may be run in batch mode or continous, flow¬ 
through mode. It may also be operated as a 
multistage process, i.e. several columns in series. 

The most frequently used design of protein skim¬ 
mer in aquaculture, used either on the inlet water or 
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Figure 7.13 Typical designs of protein skimmers used 
in aquaculture. 
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in RAS, is a simple bubble column type where the 
air is introduced directly into the bubble column or 
through a venturi placed in the incoming water or a 
part flow (Figs 7.13 and 7.14). If the process does not 
involve bubble fractionation, the foam on the 
surface is pushed upwards in the column (also 
called the contact chamber) by newly created foam 
(i.e. continuous foaming process) and collected in a 
collection cup/chamber on top of the contact cham¬ 
ber. The whole of the contact chamber, or only a 
part of it, may have a conical shape. This will 
increase the ascent velocity of the foam and deliver 
it rapidly into the collection cup, thus avoiding 
excessive bubble bursting. To regulate the water 
level in the contact column, and by this the distance 
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Figure 714 The upper part of a protein skimmer is 
where the foam is collected. 


from the top of the water level to the foam collec¬ 
tion cup, valves are installed on both the inflow and 
outflow water. The flow pattern of air bubbles in 
relation to the water flow is either co-current or 
counter-current when bubbles are added directly 
to the contact chamber. Using counter-current 
increases the contact time and the degree of turbu¬ 
lence. The contact time increases because the flow 
will bring impurities to the surface. More energy 
will also be involved in eventual collisions. The total 
concentration gradient will also be higher. Internal 
reflux of the foam (multistage principle) may be 
utilized to improve the performance (Fig. 7.15). 

In aquaculture it is typical to add air through 
diffusers directly in the contact chamber or via a 
venturi located before the contact chamber or in 
its own loop attached to the contact chamber. 
However, is it also possible to use a DAF system, but 
it is especially important to check for eventual super¬ 
saturation before the water is delivered to the fish. 

There are many possible designs of skimmer. In 
aquaria, downdraft skimmers (also called tower- 
type skimmers or tower scrubbers) are used. Here, 
water under high pressure flows into a narrow 
tower that is filled with plastic elements. Because of 
the high pressure of the water, air is sucked into the 
top of the tower and this mix of water and air bub¬ 
bles is then forced over the plastic elements, break¬ 
ing apart the bubbles and creating smaller bubbles 
with a large contact area. After the water has flowed 
down the skimmer column, the outlet water is col¬ 
lected in a contact chamber, where the flow pattern 
ensures that the bubbles/foam are collected in the 
collection cup. A traditional gravity aerator (as used 
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Figure 715 The main design 
of protein skimmer with 
improved performance via 
internal reflux (multistage 
set-up). 
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for aeration) may also be used for protein skimming 
but a separation chamber must be installed after 
the aerator to remove the bubbles. Spray nozzles 
may also be used as a method for protein skimming. 
By installing water nozzles just above the water 
surface and spraying water through them, air from 
the water surface will be trapped and bubbles/foam 
created. Another skimming design is to force the 
water through a nozzle, creating a number of small 
water droplets that become ‘water fog’ in an air 
atmosphere. 

7.8.2 Protein skimmers: dimensioning 

A number of variables have to be considered when 
dimensioning a protein skimmer for aquaculture 
and some important ones are listed as follows 
(partly after ref. 117): 

• The volume of water passing through the skim¬ 
mer in a given time 

• The height of the skimmer column 

• The diameter of the skimmer column 

• The volume of air being introduced into the 
skimmer column 

• The diameter of the air bubbles being used 

• The length of time the bubbles are in contact with 
the water 

• When used in RAS, the number of times the vol¬ 
ume of the production system travels through the 
skimmer in a given time. 

However, there is not a great deal of information on 
the specific dimensions of protein skimmers or 
foam fractionators used in aquaculture, and dimen¬ 
sioning of course depends on where they are used, 
the actual water quality and the concentration of 
surfactants and colloids/particles. 

For general adsorption bubble columns inde¬ 
pendent of the area used, the typical ratio between 
length and diameter is 3-10:1, but it varies a lot.^“ 
Normal liquid flow rate based on empty reactor 
cross-sectional area is around 0-3 cm/s while the 
air velocity is typically about 3-25 m/s.^^® The air 
flow must be sufficient to fill the cross-sectional 
area. It may also be possible to use multistage 
foam fractionators and by this increase the total 
efficiency. 

The term ‘superficial velocity’ is defined as the 
gas volume flow rate (m^/s) divided by the cross- 
sectional area of the skimmer column (m^) and is 


typically between 0.001 and 0.038m/s. Increasing 
the the superficial velocity produces a wetter foam, 
and may create unwanted turbulence. If superficial 
velocity is too low, the air-water interface will be 
too low to achieve optimal removal. 

For simple column protein skimmers used for 
aquaria, the recommended height of the reaction 
chamber is 0.7-1.2 These authors recommend 
that the air supply to the skimmer is a maximum of 
13% of the water volume in the column. If this is 
exceeded, removal efficiency will be reduced.® 
Although the volume of air is important, the size of 
the bubbles and the total surface area is critical for 
skimmer efficiency. The typical water retention 
time in the protein skimmer used in aquaculture is 
about 1.5-2 min (this varies depending on what is 
removed and the design of the bubble separation 
method). 

Timmons et alP-'^ proposed a rough rule of thumb 
when using protein skimmers in RAS: 20L/min of 
air is needed per kg feed delivered per day, and 
90 cm^ cross-section is needed assuming 3% TSS is 
below 30 pm. Of course this will depend on a num¬ 
ber of factors, including column design, bubble size 
and feed composition. Specific dimensioning mod¬ 
els based on this, the amount of surfactants in the 
water and area of bubble surface have also been 
used, described for instance by Beeyo.^^® 

Foam fractionation with reflux can be modelled 
as analogous to distillation columns and therefore 
theory regarding the dimensions of distillation col¬ 
umns can be applied to aquaculture.^“’^^‘' 

7.8.3 Flotation plant 

A typical flotation plant, where the main aim is to 
remove particles or floes from a water flow, has 
much in common with the design of a settling basin, 
but instead of settling the particles are removed by 
flotation (often the plants are a combination of set¬ 
tling and flotation). The water must experience a 
certain retention time in the flotation basin so that 
particles have time to attach to bubbles and be 
lifted out. Since the velocity for raising low-density 
floes is higher than the settling velocity of the floes, 
the surface load on flotation basins is higher. 
However, flotation plants are most effective for 
removing low-density materials. The temperature 
will also affect flotation, with lower temperature 
increasing the viscosity. 
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Foam that can Injectors adding air- 



Figure 716 Multicell induced air flotation. 



Figure 717 Typical design of a DAF plant. 


Flotation is often combined with chemical pre¬ 
treatment (adding coagulants and flocculants 
resulting in precipitation). This method is still not 
common in aquaculture facilities but can be used on 
effluent water. If used on inlet water or in RAS, 
only chemicals that fish tolerate can be used and 
such technology has been used rarely. However, 
since aquaculture water is so dilute it is uncommon 
to use traditional flotation plants on the main out¬ 
flow water from fish farms (excessive chemicals 
used), but it can be used to purify back-wash water 
from drum filters for instance. Even if it is usual to 
add chemicals, flotation may also be operated with¬ 
out them in aquaculture^^^ and may then also be 
included in RAS. 

The most common flotation system for particle 
removal from wastewater, when combined with 
addition of chemicals, is DAF although lAF may 
also be used (for description of this, see refs 5,12, 
126). lAF employs a larger amount of air and 
several flotation chambers in a row (multicell) 
(Fig. 7.16). In a DAF plant, the inlet flow, or most 
typically a part flow, is pumped into a tank together 
with air and set under pressure (Fig. 7.17). Because 


of the pressure, a given amount of air can be dis¬ 
solved in the water. From the pressure tank the 
water is sent through a pressure reduction valve and 
into the flotation chamber, which is under atmos¬ 
pheric pressure. The equilibrium gas saturation of 
the liquid will now be reduced and air is released 
from the liquid as small bubbles. 

7.8.4 Important factors affecting design 
of a DAF plant 

A number of factors are important in the design and 
operation of a DAF plant. The brief review here is 
based on various sources but is not aquaculture spe- 
cific 12,65,66 important factor is the pressure in the 
pressure tank, because the amount of air that can be 
dissolved is related to this, by the Henry-Dalton law. 
Increasing the pressure results in release of more 
bubbles, when reducing the pressure via a reduction 
valve. Knowledge of the solubility of air in water at 
the actual temperature at normal pressure, how 
much the air-water mix is pressurized and how 
much saturation is achieved, allows the amount in 
the water and the amount released to be calculated. 



94 


Aquaculture Engineering 


Once this is known and the bubble size determined 
(typically 20-80 pm), the number of bubbles and the 
total surface area can be roughly calculated. Typical 
pressures in the pressure tank range from 3 to 7 bar. 
Higher pressures increase the installation cost and 
may represent material and pressure problems. 

The real air saturation (i.e. fraction of saturation) 
achieved in the pressure column/pressure tank is 
also of great importance, and is typically 50-90% of 
full saturation at the studied pressure. The lowest 
values represent an empty pressure tank, while the 
highest values include mechanical mixing or use 
of a packed column.^^ This will be the same as for a 
closed pressurized oxygen column and column aer¬ 
ators. Of course the available time will also be 
important. 

An important design parameter for DAF plants is 
the air/solids ratio. The air/solids ratio indicates how 
much air is needed to float a given amount of solids 
(i.e. mg air/mg solids). This depends on the quality of 
the water to be treated, and this should be tested 
before installing a DAF plant. The following equation 
for determining the air/solids ratio can be used for 
plants with and without a recycle circuit (after ref. 92): 

A:S = [CXfP-l)R\lX,Q 

where A.A represents the air/solids ratio (mg air/mg 
solids), the solubility of air in water at a given 
temperature (mg/L), / the fraction of saturation 
compared to full saturation at given temperature 
and pressure, P the absolute operating pressure in 
the pressure chamber (atm), R the recycle flow rate 
(m^/day), the inflow concentration of suspended 
solids plus oil (mg/L) and Q the raw water flow rate 
(m^/day). Typical values for various industrial 
wastewaters range from 0.001 to 0.7mg/mg,^^ indi¬ 
cating that for each milligram of air supplied 1.42- 
1000 mg of suspended solids plus oil can be 
removed. If the amount of air is lower, it will not be 
sufficient for effective flotation of the solids; if it 
is higher, excessive bubbling might reduce solids 
capture. 

To obtain an optimal air/solids ratio in relation to 
water flow, re-use of cleaned water is essential; 
in other words, cleaned water from the outlet of the 
flotation basin is pressurized and returned to the 
flotation basin (i.e. reflux). Under practical con¬ 
ditions, it will be the reflux that is regulated to 


optimize the air/solids ratio in relation to water 
flow. The degree of reflux or re-use will also be 
related to the total pressure used and the design 
(how much of the total flow passes through the 
pressure tank and the TSS content in the outlet 
water), where higher pressures mean a lower degree 
of re-use (more bubbles available). Typical values 
for re-use are 10-50% for water and wastewater 
treatment and 150-200% for sludge thickening. 

Typical surface load, i.e. hydraulic loading rate 
(see settling basin. Chapter 6), on traditional flota¬ 
tion basins is higher than for settling basins. Typical 
values range from 2 to 15m/h (calculated in the 
same way, equivalent to 300-400 gallons per square 
feet as for settling basins; see Chapter 6), but can be 
up to 20-30 m/h if using lamella flotation. However, 
this is highly dependent on water quality, the chemi¬ 
cals used, and amount and nature of the solids. For 
a traditional flotation basin with a depth of 2-2.5 m, 
this gives a retention time of 8-75 min. The depth/ 
width ratio is typically 0.3-0.5. 

The solids loading is another value that can be 
used for dimensioning; this is the weight of solids 
per unit effective flotation area per hour. The sizes 
vary greatly depending on what the flotation is used 
for. If used for active sludge, solids loading is rather 
low (25-60kg/m^ per day), whereas for sludge tick¬ 
ing it is about 2-20 kg/m^ per hour. For primary 
cleaning of municipal wastewater, it is above lOkg/m^ 
per hour. The calculation should include the influ¬ 
ent and all the chemicals added to condition and 
flocculate the waste stream. However, this is also 
highly dependent on the wastewater, the nature of 
the particles and the chemicals if used. 

Flotation basins are either circular or rectangu¬ 
lar, like settling basins. When using rectangular 
basins the wastewater enters on one side where the 
air-water mix is also added. In a circular basin the 
water and air are added in the middle of the basin. 
It is typical to combine flotation and settling and 
also to add coagulants and polymers. Some of the 
agglomerate particles/flocs will attain a density 
that results in settling, while some will float to the 
surface due to bubble attachment. It is therefore 
common to have a scraper on the bottom of the 
basin and at the surface for removal for settled par¬ 
ticles and created foam. The dry content of the foam 
removed from a DAF plant typically ranges from 
2 to 10%, depending on where and how the DAF is 
utilized, and is higher than in settling basins. 
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There will always be discussion of whether 
sedimentation, DAF or a combination should be 
used, but this is highly dependent on water quality. 
Because of the higher ascent velocity than settling 
velocity, the area may be reduced; it is also possible 
to adjust the air flow and this enables the handling 
of variable solids loading. However, a disadvan¬ 
tage is the operating cost of providing energy for 
creating bubbles. DAF has a number of advantages 
compared with a conventional settler and these 
are listed as follows^^ (all highly dependent on 
water quality): 

• DAF floor space requirement is only 15% that of 
a settling basin 

• DAF volume is only 5% that of a settling basin 

• The degree of clarification is the same with the 
same addition of flocculating chemicals 

• DAF clarifiers are mainly prefabricated in stain¬ 
less steel for erection cost reduction, corrosion 
control, better construction flexibility and possi¬ 
ble future changes, contrary to in situ constructed 
heavy concrete tanks. 
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8 

Membrane Filtration 


8.1 History and use 

Membrane filtration or membrane separation is 
quite a new method for water treatment, but has 
been used for decades in the process industry, for 
instance the food industry, pharmaceutical industry 
and chemical industry. Interest in using membrane 
separation is increasing, including the treatment of 
drinking water and wastewater, and the number of 
membrane separation plants is growing rapidly 
worldwide. The method can be used to remove 
both particulate and dissolved substances of 
organic and inorganic origin, including micro¬ 
biological substances. Compared with alternative 
separation methods, membrane separation has a 
number of advantages: (1) one method for separa¬ 
tion down to ionic size, (2) no chemicals are needed 
(green technology), (3) no cost-intensive medium- 
phase transfer is needed, (4) it is space effective, 
(5) scale-up is easy, (6) the system can be auto¬ 
mated and (7) systems can be tailored. Overall it is 
a simple system with few components and moving 
parts (only high-pressure pumps). Because of its 
functionality, membrane separation may therefore 
be an alternative to a range of separation methods, 
such as settling, flotation, depth filtration, screen¬ 
ing, adsorption, extraction and distillation. It may 
also function as a disinfection step: if the mem¬ 
brane pore size is small enough it will not allow 
microorganisms to pass. Membrane separation 
plants also require limited supervision and are 
simple to operate and maintain. 


However, there are some disadvantages which 
have limited use in the aquaculture sector, such as 
low water flux and relatively high investment and 
maintenance costs. Fouling of the membranes and 
consequent dramatic flux (water flow) reduction 
are major problems for use in aquaculture water, as 
is it for a number of other waste streams. Membranes 
cannot produce two totally pure product streams, 
because membrane size and impurity size are not 
infinite. However, the aquaculture industry has 
recently been showing increased interest in the 
method, both for inlet water cleaning and in 
recirculating aquaculture systems (RAS). This is 
connected with the large effort that the membrane 
filtration sector has put into research and develop¬ 
ment. The cost of membranes and membrane filtra¬ 
tion plants has been reduced, as has energy 
consumption and the fouling problems, which is of 
great interest for the aquaculture sector. 

This chapter offers a brief review of the design 
and use of membrane filtration, with special focus 
on aquaculture. A number of specific textbooks, 
articles and web pages are available in the area for 
further reading.^ 

Membrane filtration may also be used in combi¬ 
nation with biological treatment, as active sludge 
(for more details of active sludge, conventional 
activated sludge and suspended growth, see 
Chapter 15). The complete system is then often 
called a membrane bioreactor (MBR).’ The 
membrane may be submerged in the active sludge 
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Clean water sucked out 



basin, preventing sludge floes from following the 
water (Fig. 8.1) (for further reading, see refs 8-10). 

8.2 What is membrane filtration? 

Simply, a membrane is a thin barrier such as a filter 
cloth or porous media (microporous filter) that 
pure liquid or gas will flow through while impurities 
are rejected from passing due to the pore size of the 
membrane. Membranes are thus semi-permeable or 
selective: some substances pass while others are 
rejected. A membrane has much in common with a 
traditional screen filter like a drum filter, which can 
also be called macrofiltration, the only difference 
being the size of the mesh or pores. In a membrane, 
the pores are much smaller than in macrofiltration, 
so that smaller impurities are removed. Even if the 
process of membrane filtration occurs on the sur¬ 
face, a membrane must possess some depth or 
thickness for it to have the necessary strength (sym¬ 
metric or asymmetric structure, see later descrip¬ 
tion). It therefore has some similarities with depth 
filters. The difference between a membrane and a 
depth filter is the size of the pores, which are much 
smaller on a membrane, down to molecular levels. 
Membrane filtration is a purely physical separation 
method: it does not affect thermal stability nor 
chemical structure like other separation methods. 
Membranes are not a new invention, for they sur¬ 
round all the cells within our own bodies, allowing 
transport of nutrients into the cell and waste prod¬ 
ucts out of the cell. 

The separation of impurities by a membrane may 
be caused by different factors, such as impurity size, 
shape, electrostatic charge, diffusivity, physicochem¬ 


ical interactions, volatility and polarity/solubility. 
The mechanism that allows the permeate (purified 
liquid or gas) to pass the membrane is the pressure 
difference or osmosis (concentration difference), or 
a combination of the two. The mechanisms described 
here utilize pressure difference to force permeate 
through a membrane, and the method is therefore 
called pressure-driven membrane separation 
(PDMS). This is the membrane separation method 
most frequently used in aquaculture. The pressure 
difference over the membrane is called the 
transmembrane pressure (TMP), i.e. the pressure 
difference that forces the permeate through the 
membrane. PDMS may therefore be used on all 
normal types of liquids/gases to remove all types 
and sizes of impurities. Operating the membrane 
above acceptable TMP may damage the membrane 
or supply system. The most common way to utilize 
PDMS systems is to increase the pressure of the 
liquid or gas to be purified with a pump/compressor 
so that it can be forced through the membrane. 
However, PDMS may also be operated by applying 
a vacuum on the product side of the membrane so 
that purified permeate is sucked through the mem¬ 
brane. This is a newer technique. If membranes are 
submerged, the system may be run in continuous or 
batch mode; if running in continuous mode, the con¬ 
centrate can be re-used. For aquaculture purposes, 
continuous flow with recycling of concentrate is the 
most usual set-up. 

Some special terms are used in membrane 
filtration. The pure liquid/gas passing through the 
membrane is called the permeate or product, while 
those substances that do not pass are called reject 
or concentrate (Fig. 8.2). The input flow of gas or 
liquid is called the feed. The transmembrane flux 
or permeate or product flux is the amount of clari¬ 
fied water, in the case of aquaculture, that passes 
through the membrane per unit time and unit surface 
area (typically L/min per m^). Important factors 
for the flux will be concentration of impurities in 
the feed and the TMP (the higher the TMP, the 
higher the flux); normally over time the TMP will 
be reduced, so keeping it constant will increase 
the flux. The temperature will also have importance 
because typically diffusivity increases with temper¬ 
ature, while viscosity decreases and thus the flux 
increases. The composition of the feed will also be 
important because it affects the degree of fouling 
(described later). 
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Figure 8.2 Terminology used 
in membrane filtration. 


A complete PDMS plant can therefore be divided 
into four major components: 

• Membrane 

• Module 

• Rack 

• Piping system. 

Filtration will occur on the membrane surface. 
To achieve a higher surface area it is normal to cluster 
individual membranes together and arrange them in a 
tubular pressurized vessel. This is named the module. 
Several modules are then assembled into racks, and 
the piping system allows water flow between the 
modules in the rack and the back-washing of mem¬ 
branes. The modules are prefabricated units, delivered 
from the manufacturers, and may contain many dif¬ 
ferent membrane structures (described later). Before 
entering the module the liquid/gas is pressurized by a 
pump/compressor. A membrane filtration unit may 
consist of one single module but it is normal to have a 
number of modules in parallel and eventually a series 
placed into the rack, with the same pressurizing unit 
creating the necessary TMP. It will also be equipped 
with the same back-washing/cleaning unit. A plant 
may consist of several racks. 

When using reduced pressure (vacuum) on the 
permeate side, the components are somewhat dif¬ 
ferent because the pressure module is not necessary 
and the individual membranes may then be sub¬ 
merged directly in a feed basin. In this case, several 
membranes are assembled into a rack, and the 
piping system is arranged to be on the reduced 
pressure side. 


8.3 Classification of membrane 
filters 

The single membrane module can be classified in a 
number of ways, for instance based on pore size, flow 
configuration (dead end or cross-flow), membrane 
structure (symmetric or asymmetric), membrane 
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shape or configuration (flat or tubular), membrane 
surface charge (positive or negative, hydrophilic or 
hydrophobic), or membrane material (inorganic/ 
organic, porous/compact). Based on pore size it is 
possible to separate membranes into macroporous 
(>50nm or 50x lO^^m), mesoporous (2-50nm) and 
microporous (<2nm).^ 

However, the conventional classification is based 
on the size of the impurities that are rejected and 
the size of the pores in the membrane. In this way it 
is typical to separate PDMS filters into four catego¬ 
ries (from largest to smallest pore size): microfiltra¬ 
tion (MF), ultrafiltration (UF), nanofiltration (NF) 
and reverse osmosis (RO) (Fig. 8.3). The first two 
remove larger particles/colloids, while the last two 
remove dissolved substances and ions. The smaller 
the impurities to be removed, the higher the pres¬ 
sure required. However, it is important to be aware 
that the classification categories tend to blur slightly 
from author to author. The transitions between the 
categories are also rather fluid; MF has a size below 
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what typically is known as particle filtration, fine 
filtration or macrofiltration (>10pm), for example 
screen filters and depth filters (see Chapter 6). 

MF membranes typically have a pore size 
between 0.05 and 10 pm, rejecting particles of 0.2- 
10 pm. MF represents the border with traditional 
filtration methods, and due to the large pore size 
the TMP is low, typically below Ibar (0.2-3.5 bar), 
and the flux quite high (>200L/h per m^).This also 
provides lower operation cost and typically longer 
membrane duration. MF removes colloids and 
some bacteria and parasites. The size of the pores 
typically determines what will pass the membrane. 
Because MF separates large particles, it can be used 
on flows with higher organic loads. 

UF is the membrane separation method with the 
broadest spectrum of applications. UF membranes 
have a smaller pore size than MF membranes, typi¬ 
cally 2-50 nm, rejecting particles with molecular 
mass above 5-500 kDa. For UF, NF and RO mem¬ 
branes it is usual to give the impurity size in molec- 
ular/ion mass (units of daltons, where 1 Da equals 
1.66 X10“^'^ g or one-twelfth the weight of a car- 
bon-12 atom). A characteristic parameter used here 
is the molecular weight cut-off (MWCO), which 
represents the molecular weight at which 90% of 
substances are rejected. The reason for this is that 
the pore size is not infinite, and the pore size distri¬ 
bution is an important parameter in membrane 
technology. Molecules with a larger diameter than 
the largest pores will be stopped. However, due to 
differences in the size of pores, there will then be a 
point when some molecules of not exactly pore size 
will pass. Molecules smaller than the smallest pore 
size will always pass. This is also the reason why 
membrane separation does not separate exactly by 
size or weight. Another parameter similar to 
MWCO is the nominal molecular weight limit 
(NMWL), where at least 90% of the molecules with 
a weight higher than NMWL will be retained. When 
using MWCO or NMWL to select membranes, it is 
usual to choose a value well above the molecular 
weight of the substances required to pass (e.g. dou¬ 
ble). This minimizes filtration time and guarantees 
what passes through the membrane and what 
appears in the concentrate. For smaller sizes, the 
term ‘nucleotide cut-off’ might be used. 

UF removes large-sized dissolved molecules and 
colloids, such as protein and fat. The pressure 
required is higher than for MF (1-lObar) and the 
water flux lower (5-200L/h per m^). This method is 


typically used for concentration of organic matter 
in a water solution, utilizing the reject, because the 
organic molecules typically are larger than the 
pores. It is also used for removal of humus in drink¬ 
ing water. The factors important in rejection of 
impurities include their size but also shape, charge 
and molecular weight. 

With NF, pore size is close to 1 nm and particles 
with molecular mass above 200Da are rejected. It is 
normal to utilize membranes carrying a charge, pos¬ 
itive or negative. These are used to reject higher 
valence ions from passing (Donnan effect),^^ so that 
monovalent ions such as Na* are allowed to pass 
but multivalent ions such as Fe^* are stopped. 
Impurities will then be rejected via both charge and 
size exclusion. The required pressure is up to 15 bar 
and the flow rate 20-80 L/h per m^. NF can be used 
in water treatment to soften water and remove 
higher valence cations (Ca^+, Mg^+) and may also be 
used to decolorize the water by removing coloured 
organic substances and humic acids. 

In RO, the pore size is smaller than I nm and it 
rejects ions and low-molecular-mass molecules 
(typically well below 200Da). Thus substances of 
low molecular mass (18 Da) and size (0.2 nm) like 
pure water will pass the membrane. This method 
may therefore be used for rejection of monovalent 
inorganic salts such as Na+ and can therefore be 
used for desalination of water. Compared with 
other desalination techniques such as multiple dis¬ 
tillation, RO is a more cost-effective alternative. 
The required pressure difference is high, typically 
10-80 bar, and the flux is low at 5-40 L/h per m^. In 
order to produce fresh water from sea water, it is 
necessary to have the sea water and fresh water on 
opposite sides of a semi-permeable membrane. 
There will then be diffusion of fresh water into the 
sea water to equalize concentration on both sides of 
the membrane (i.e. osmosis) and the water level will 
therefore rise on the seawater side. Now by increas¬ 
ing the pressure on this side, the pure water will be 
forced back through the membrane again but the 
higher molecular weight salts will be rejected, and 
this is the principle of RO membrane separation. 

This separation principle differs from what is 
used in MF and UF, where pore size determines 
which impurities are rejected, and so a pore flow 
model is typically used (described later). For RO, 
the principle of separation is diffusion through the 
membrane material due to a gradient in pressure, 
concentration or electric potential. Because the 
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Figure 8.4 Different flow configurations in a membrane filter. 


permeate now has to pass through a compact struc¬ 
ture, a dense membrane, the molecular structure of 
the membrane itself will be of great importance. 

8.4 Flow pattern 

Depending on the set-up of the modules in the 
membrane filter in relation to the flow pattern of 
the water, it is typical to classify filtration systems 
into cross-flow filtration (CFF) and normal flow 
filtration (NFF) (Fig. 8.4). 

CFF may also be called tangential flow, based on 
the direction of the water flow compared with the 
membrane surface; the raw water flows parallel to 
the membrane and the cleaned water flows through 
the membrane perpendicular to the main flow direc¬ 
tion. The impurities (reject or concentrate) continue 
to flow with the main stream parallel to the mem¬ 
brane surface and flow out of the module. Only a 
limited part of the feed is therefore used for produc¬ 
tion of permeate, unless re-using the reject which is 
quite normal. Even if only a limited part of the feed 
is used, the whole feed still needs to be pressurized. 
An advantage of this configuration is that the feed 
(raw water) flowing onto the membrane cleans the 
surface and prevents premature clogging of the 
membrane because of the increased shear condi¬ 


tions, and this extends membrane lifetime. CFF can 
be used under co-current and counter-current flow 
conditions, where the terms ‘co-current’ and ‘coun¬ 
ter-current’ refer to feed flow direction in relation to 
permeate flow direction. In such a flow configura¬ 
tion the permeate is normally stopped from flowing 
in one direction, although a combination with mem¬ 
branes open at both ends may also be used. 

In NFF, more often called dead-end filtration, the 
incoming water (feed) flows normal to the mem¬ 
brane. Thus the feed is only able to flow in one 
direction, i.e. through the membrane. The impurities 
will be rejected by the pores and a filter cake of 
impurities will be established on the membrane 
surface. The purified liquid will flow through the 
membrane. The filter cake will continue to grow, 
reducing the flow of purified water and increasing 
the pressure difference over the membrane, includ¬ 
ing the filter cake, until it is totally blocked. NFF 
flow configuration is typically used where the solids 
concentration is lower and for final polishing of 
larger particles (MF applications) but is much less 
used than the CFF configuration. 

However, as mentioned earlier, membranes may 
also be submerged in the bulk feed and operated 
under vacuum so that the permeate is sucked 
through the membrane. This is like a combination of 
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Figure 8.5 Different membrane modules. 

the dead-end flow and cross-flow used in pressurized 
membranes, typically flat membranes. Rising air 
bubbles along the membrane surface are used to 
overcome fouling. 

The overall flow pattern in a membrane plant 
varies. It is common to use several membrane mod¬ 
ules in parallel, utilizing the same pressure pump.^^ 
However, several modules may also be used in 
series (multistage set-up). To achieve a higher 
separation rate of the feed, recycling of reject may 
be used if possible (cross-flow membrane). After 
passing through the membrane the reject is sent 
through a pump and returned to the entrance of the 
membrane module. A combination of parallel and 
multistage set-ups may also be used. However, the 
number of stages increases the costs of installation, 
so this has to be taken into consideration.^^ Modules 
of equal or different size may be used (e.g. start MF, 
end RO). It is typical to use continuous-flow mode, 
but batch mode may also be used. 

8.5 Membrane shape/geometry 

A single membrane is an artificial construction that 
can be made in different ways, with different geo¬ 
metries (Fig. 8.5). Based on the method of construc¬ 
tion, membranes can be divided into tubular formed 
and flat or sheet formed. Tubular membranes 
are pipe or tube formed, with the feed normally 
in the centre of the tube and the permeate cross¬ 
ing the tubular membrane to the outside. The 
active membrane is on the inside if using an 
inhomogeneous membrane. The advantage of tubu¬ 
lar membranes is the high surface area per volume 
compared with flat membranes (plate and frame). 



Tubular membranes may be further divided into 
hollow fibre, capillary and tubular, where the differ¬ 
ence is the size of the tubes and the pore size. 
Tubular membranes have the largest pores while 
hollow fibre membranes have the smallest. 

A tubular membrane module consists of several 
smaller tubes clustered together into a larger tube, 
the membrane module. It is typically used in MF and 
UF because of its resistance to fouling. A capillary 
membrane module will be the same but the individ¬ 
ual tubes are smaller. A hollow fibre membrane 
works on the same principle; the thin fibres are hol¬ 
low with pores along the side, and can be regarded 
as a straw with pores along the entire surface length. 
A bundle of them is inserted into a tube to make the 
membrane module. Hollow fibre membranes are 
commonly used, and enable feed to be on the shell 
side or on the tube or bore side (most common). If 
feed is on the shell side, the fibres have relatively 
thick walls compared with the diameter of the hol¬ 
low fibre; this is to tolerate the large pressures typi¬ 
cally used. If feed is on the bore side, the diameter of 
the hollow is larger to avoid the high-pressure drop 
on the feed side. The great advantage with hollow 
fibre membranes is the large surface area for filtra¬ 
tion in relation to volume, i.e. large membrane area 
per unit volume. However, fouling will be a problem 
with these membranes. Hollow fibre construction is 
commonly used in RO membranes. 

Flat or sheet-formed membranes are used in 
plate and frame membranes, spiral-wound mem¬ 
branes and pillow-shaped membranes. A plate and 
frame membrane is a flat-sheet membrane stretched 
out in a frame; this can be made into a cartridge 
together with other sheet membranes, used in 
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submerged membrane filters under vacuum for 
example. Spiral-wound membranes are individual 
sheet membranes wrapped together and made into 
a tube; these also have quite high surface area per 
volume. In simple terms, two flat membrane sheets 
are separated by an impermeable layer between 
them that creates a space where the permeate can 
be collected. Based on construction, they can also 
be called envelope membranes or leaf membranes 
(one leaf consists of two membranes with a separat¬ 
ing layer between). It is normal to have one or more 
leaves wrapped/wound around a central collection 
pipe. Only the end of the intermediate layer is open 
in the centre. In operation the permeate will flow 
through the membrane and follow the separating 
layer into the centre of the tube and thus out of the 
membrane, while the reject will flow tangentially 
directly through the module. The wrapped leaves 
are inserted into a tube that tolerates pressure, and 
this makes the membrane module. This membrane 
type is commonly used for RO. 

The choice of membrane configuration depends 
on a number of factors, such as substances being 
separated, how easy it is to clean and maintain, 
resistance to fouling, and of course the cost. Before 
investment in a full membrane filtration plant, it is 
usual to perform a test with a pilot membrane plant 
using the actual water available. 

8.6 Membrane construction/ 
morphology 

Individual membranes can be divided into porous 
and non-porous or compact membranes based on 
their structure. Porous membranes, also called 
microporous, consist of a surface with rather defined 
pore diameters, typically down to 1 nm, and are used 
in MF, UF and sometimes NF. The porosity is nor¬ 
mally within the range 70-90%. Impurities will be 
rejected mainly because they are large compared 
with the pores. Compact membranes, also named 
dense membranes, have no traditional pores and the 
permeate is transported by diffusion and selective 
adsorption. Compact membranes are used for the 
smallest size separation, as in RO. The membrane 
surface may also be electrically charged, which can 
also be used for categorizing membranes. 

Porous membranes are typically treated polymer 
films with a specific pore rating, and can be manu¬ 
factured with both hydrophilic and hydrophobic 


properties. They can be made with a symmetric or 
homogeneous pore structure or with an asymmetric 
structure. The latter have a separating surface layer 
with larger pores than the rest of the membrane 
body, that then act as a supporting structure to 
ensure the mechanical strength of the membrane. 
Mass transport through the membrane (permeate 
flux) is inversely proportional to the thickness of the 
membrane, so that a reduced membrane thickness is 
better. A homogeneous structure with small pores 
that penetrate the entire membrane thickness will 
increase the pressure drop compared with a thin skin 
layer with definite pore size and a substructure with 
larger pores. Clogging inside the membrane will also 
be a greater problem for symmetric membranes. 

Porous membranes are manufactured with a wide 
or narrow pore size distribution within the actual 
membrane. For membranes with narrow pore size 
distribution, quite a sharp MWCO is achieved and 
the permeate is relatively stable. However, com¬ 
plete separation is not possible as a result of the 
separation principle, i.e. shape and charge of impu¬ 
rities and size and charge of the membrane. 
Membranes with a narrow pore size distribution are 
more cost intensive, but a lot of development is 
occurring within this field. 

Typical thickness of a symmetric membrane is 
10-200 pm and of an asymmetric membrane 0.1- 
0.5 pm, while the thickness of the supporting struc¬ 
ture is 50-150 pm. The typical overall thickness of a 
membrane will be 0.1-0.5 mm. 

For aquaculture purposes, porous MF and UF 
membranes will be used for removal of impurities. 
Even if the pressure drop is higher on UF mem¬ 
branes initially, small particles (<0.1 pm) will easily 
clog the pores in MF membranes and because of 
this the pressure difference will not be so large after 
a while. In a UF membrane, the pores are small so 
most of the particles will rest on the surface and do 
not plug the pores. However, if the concentration of 
larger particles is high, MF membranes will have an 
advantage because plugging of pores is not so 
relevant. When particle size is below 0.01pm, it is 
typically surface charge that controls particle behav¬ 
iour not gravity. The mechanism for separation in 
porous membranes is size, shape and charge of the 
impurities. Because pressure loss in the membrane 
is quite high, the membrane needs a certain mechan¬ 
ical strength to avoid breakage. 

In compact or dense membranes, the mechanism 
of permeate transport is diffusivity and solubility of 
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the membrane material, and the material must 
therefore be adapted to the permeate. The major 
disadvantage with dense membranes is the pressure 
required to force the permeate through the mem¬ 
brane. This depends on membrane thickness, and a 
thick membrane will have considerable effects on 
pressure loss and permeate flux. The chemical com¬ 
position of the membrane will also be important 
because impurities may be absorbed by the surface, 
changing its properties. 

The surface energy level (see Chapter 7) may 
also be used to differentiate membranes. This may 
be utilized actively, as in the case of NF membranes. 
Utilizing hydrophobic or hydrophilic materials on 
the surface of the membrane will have effects on 
purification but also on the possibilities for foul- 
ing.i^ Typically, higher surface hydrophobicity 
reduces fouling problems.i'* 

8.7 Flow across membranes 

Permeate flow through the membrane depends on 
the size of the pores in the membrane (Fig. 8.6). In 
MF and UF membranes, water flows through the 
small pores. In RO membranes there are no direct 
pores because the membrane material is more com¬ 
pact (i.e. dense membrane). NF membranes may 
use both mechanisms but also typically include sur¬ 
face charged materials. In porous membranes, the 

Pore flow 


Large substances 



Small substances 


Solution-diffusion 


Solution in membrane 



Diffusion through membrane 


Figure 8.6 Models for mass transfer through a 
membrane: pore flow model or solution-diffusion model. 


permeate flows through the small pores (pore flow 
model). In dense membranes, the permeate enters 
the membrane in solution and is then transported 
across the membrane by diffusion, and because of 
this the chemistry and structure of the membrane 
material is of great importance. A membrane may 
look dense but it is very difficult to prevent the pas¬ 
sage of pure water, or even worse pure hydrogen 
gas, due to the small molecular size. The mass 
transfer of permeate through the membrane can 
therefore be described by two basic models, 
hydrodynamically through pores or by a solution- 
diffusion model through dense membranes (see 
section 8.11 for more description). 

8.8 Membrane materials 

The effectiveness of a membrane depends on pore 
size and structure, the chemical characteristics and 
electrical charge. Because of this the membrane 
material is of major importance. Membranes can 
be made of different materials, both organic and 
inorganic. Synthetic or natural polymers or a blend 
of polymers are most frequently used. A number of 
synthetic polymers (plastics) can be used, for exam¬ 
ple polyamide, polypropylene and polytetrafluoro- 
ethylene. Wool and cellulose are examples of natural 
polymers. The strength of the membrane material is 
of major importance because if it is too weak the 
TMP may permanently compress the surface and in 
this way decrease pore size. Membranes are made, in 
either tubular or sheet form, by passing a woven mat 
through different baths where coating occurs. 

Membranes may also be made from inorganic 
materials (either porous or non-porous), such as 
ceramic, metals, carbon and glass. Typical manufac¬ 
turing processes for inorganic membranes include 
coating of a support layer with for instance a thin 
metallic layer, use of a sintering technique (con¬ 
trolled heating of particulate matter) or by casting. 

Combination (hybrid) membranes made of both 
organic and inorganic materials may also be used. 
Specially treated surfaces are also used and there 
is continuous development of improved mem¬ 
brane construction and pretreatment of membrane 
materials. 

The choice of membrane material must be evalu¬ 
ated in each case. The cost of organic membranes is 
five to ten times lower than that of inorganic mem¬ 
branes. However, organic membranes have lower 



Membrane Filtration 


107 


surface strength, chemical resistance (pH) and tem¬ 
perature tolerance. The chemical resistance is also 
important for selection of antifouling chemicals. In 
contrast, inorganic membranes are easily breakable 
and have low membrane surface area per module, but 
are typically easier to clean and tolerate higher tem¬ 
peratures; the selectivity is also lower. Ceramic mem¬ 
branes are typically used in UF and MF applications. 

Before the final design of a large membrane fil¬ 
tration plant is chosen, a pilot plant is typically used 
to test membrane type and membrane material on 
the actual water quality. 


8.9 Fouling 

Every so often the membrane must be cleaned 
because permeate flux is reduced or the energy con¬ 
sumption required to force permeate through the 
membrane (i.e. TMP) becomes too high. The reason 
for the reduction in permeate flux is termed fouling, 
which is also the single most important factor inhib¬ 
iting more use of membrane technology. It is theo¬ 
retically possible to change the membranes but this 
involves much higher costs than cleaning, and is only 
done when the removal of fouling has limited effect. 
How long a membrane can function before fouling 
has to be removed depends on the composition of 
the feed and the membrane itself, but can be min¬ 
utes to months. Fouling can be divided into three 
groups: particle cake, scaling and biofouling.^® 
Particle cake involves establishment of a layer of 
particles/colloids on the membrane surface, i.e. a fil¬ 
ter cake reduces permeate flux and actually increases 
membrane thickness. This is because the particles 
are too large to pass through the pores. Scaling 
occurs within the membrane, and may also be named 
‘pore plugging’. A single impurity or a cluster of 
impurities then block the entire pore. Adsorption or 
biofouling occurs at the membrane surface or within 
the pores, typically because impurities are adsorbed 
to the surface. Biofouling can also be described as 
establishment of a biofilm on the pore surfaces, 
leading to a reduction in flow or increase in the pres¬ 
sure drop through the pore. Fouling may also be 
classified as surface fouling and pore fouling, where 
the first is temporary and the second is more perma¬ 
nent and more difficult to remove. 

A term used when talking about membrane 
clogging is ‘polarization’ or ‘concentration polariza¬ 


tion’, and describes a concentration gradient 
between the area close to the membrane surface 
and within the bulk feed. This is not fouling and 
there will be no deposits but it affects membrane 
performance. There will be a gradient of increased 
concentration closer to the membrane surface. The 
gradient depends on filter type: for MF membranes 
it will be a loose filter cake structure, eventually 
flowing; for RO it will be osmotic pressure due to 
the accumulation of salt close to the surface. This 
polarization must be carefully controlled because it 
reduces permeate flux. 

Overall fouling may be expressed as an addi¬ 
tional resistance to the resistance of a new mem¬ 
brane, as shown by the following equation: 

Riot = + ^cp 

where represents pore blocking, membrane 
and pore adsorption, R^ gel layer fouling, and R^ 
concentration polarization. 

Removal of fouling can be done hydraulically, 
chemically or physically, or using a combination. 
Hydraulical back-flushing with the permeate when 
TMP becomes too high is the first step in reducing 
the fouling problem. This can be done automati¬ 
cally. It is also called reversed flow, as the flow 
direction of the water is reversed. How often back- 
washing is needed depends on membrane size, with 
back-washing typically every 15-60 min and each 
back-washing sequence lasting 30-60 s. The back- 
flushing discharge exits the system through a branch 
on the feed side. In MF/UF membranes, the back- 
flushing volume may be 5-15% of permeate flow, 
depending on the characteristics of the feed. 

Periodic pulsing of feed, or forward-flushing, to 
increase turbulence and by this the shear may also 
be used on cross-flow membranes. This will remove 
eventual concentration polarization, but has limited 
effect on the typical fouling as scaling and biofilm. 
Flushing with air or air/water mix will also increase 
the turbulence and shear on the surface. Use of 
rotating or vibrating membranes is a minor com¬ 
mon alternative. 

The back-flushing of membranes is not as 
effective in sand filters/depth filters and therefore 
treatment with antifouling chemicals is used. 
Antifouling chemicals may also be used for 
pretreatment to inhibit establishment of a fouling 
layer, when mechanical cleaning does not function. 
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The chemicals used include chlorine dioxide, hydro¬ 
gen peroxide and acids; in addition the cleaning solu¬ 
tion may be heated and different chemicals may be 
circulated, for instance first caustic and then acidic 
solutions. This can be used as support for regular 
back-washing (i.e. chemical enhanced back-washing, 
CEB) or as more intensive cleaning with several 
chemicals (cleaning in place, CIP). CEB may be per¬ 
formed daily over a period of 1-15 min, while CIP is 
performed more infrequently, for instance every 
0.5-6 months. However, after a while even this is not 
effective, and the flux will be much reduced com¬ 
pared with a new membrane. The membranes must 
now be replaced with new ones or with specially 
cleaned membranes (cleaning out of place, COP). 
This can typically occur every year to every fifth year. 
The washing procedure and its regularity is typically 
provided by the membrane manufacturer, including 
which chemicals to use. It is of major importance to 
choose the correct chemical if the permeate is to be 
used on aquatic organisms (no toxic traces). 

Optimal pretreatment can help to prevent a foul¬ 
ing problem; this can include prefiltration, for 
instance UF before RO. Choice of correct mem¬ 
brane type and material will also be of major impor¬ 
tance. Fouling will be most critical in the dead-end 
membrane set-up. Fouling is exacerbated by any 
strengthening of the composition of the feed that 
produces changes in concentration, ionic strength, 
pH and temperature. If these values indicate poten¬ 
tial fouling problems, great effort should be put into 
choosing the correct membranes and antifouling 
treatments. Since fouling and clogging are major 
problems on membranes, membranes are typically 
used on low-solid feeds. 

The above routines are for pressurized membrane 
systems. The cleaning system differs for submerged 
membranes that do not need a pressure vessel but 
which have a vacuum on the permeate side of the 
membrane. Air bubbling along the feed side is used for 
removal of the surface fouling (cake deposit). Using 
tubular membranes will also result in physical move¬ 
ment of the membrane, when bubbling air. Switching of 
the vacuum and back-washing may also be performed. 

The silt density index (SDI) is a measure of the 
likelihood for colloidal and particulate fouling, and 
is especially useful for RO membranes which are 
particularly exposed to fouling.^'’’^^ To find SDI 
involves measuring the time taken to filter 500 mF 
of the water through a 0.45-pm filter (same set-up 
as testing for total suspended solids, TSS) and then 


measuring the time taken to filter the same volume 
after 15 min of continuous flow through the filter at 
a constant pressure of 206.8kPa (30psi). The SDI^j 
is then calculated as follows: 

SDI=[(l-f„/tJxI00]/n 

where represents time to collect 500-mF sample 
at start, time to collect 500-mF sample when the 
filter has been used for n min (15 min in this case), 
and n the total run time of the filter in minutes 
(15min in this case). 

The term [(l-f^t^j) x 100] is commonly referred 
to as the plugging factor. If the plugging factor is 
above 75% after 15 min, the membrane filter will be 
easily clogged. Measurements should then be taken 
after 5 and 10 min (SDIj and SDI^^) but then the 
t value in the equation will be respectively 5 and 
10 min. If the plugging factor is still above 75% after 
5 min, the water has to be pretreated before meas¬ 
uring the SDI. 

If the SDI value (which indicates plugging of 
the membrane in percent per minute) is measured 
to be above 5, the water has to be pretreated before 
entering an RO membrane, for instance by using an 
MF or UF membrane, or there will be problems 
with fouling. If the SDI value is low, it will be pos¬ 
sible to run the RO filter for a long period without 
having problems with fouling. 

The colour of the 0.45-pm filter after running the 
SDI test provides additional information about the 
water to be purified. Yellow indicates possible iron 
or organics, red to reddish brown shows iron, and 
black after flushing with pure water indicates man- 
ganese.“ The longevity of a membrane varies with 
water quality and membrane structure but is nor¬ 
mally in the range of 5-10 years. 

8.10 Automation 

Membrane plants are typically equipped with auto¬ 
matic systems for back-flushing when TMP or flux is 
getting too high or low respectively. Chemical clean¬ 
ing may also be included in the automatic system. 

8.11 Design and dimensioning 
of membrane filtration plants 

When dimensioning a membrane filtration plant, a 
number of parameters have to be taken into 
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consideration, such as flow configuration, TMP, 
membrane flux, membrane type, recirculation and 
recovery rate (Fig. 8.7). Some of these terms are 
described here. 

The TMP is the average pressure difference over 
the membrane. It can be calculated based on the 
feed pressure into the membrane {p^, the pressure 
on the concentrate out of the membrane {p^ and 


the pressure on the permeate that has passed the 
membrane {p^: 

TMP=(p, + pJ/2-pp 

The transmembrane flux (/) of permeate or product 
is the amount that passes through the membrane 
and is typically expressed as flow rate per unit 



Figure 8.7 A complete membrane filtration plant with a number of tubular cross-flow membranes In a rack. The pump 
system is also shown. 
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membrane surface area {Live? per h) and can be cal¬ 
culated according to the following equation: 

J=Q^/A=dVIAdt 

where J represents permeate flux, permeate 
flow, A surface area of the membrane, dV volume 
flow (L/min) and df time. 

Having determined the required permeate flow 
and the specific surface area for the chosen mem¬ 
brane, the size of the membrane separation plant 
can be calculated including the number of modules 
and racks. However, due to the fact that flow 
through a membrane is affected by temperature, 
this must be taken into consideration, typically 
using a correction factor. This is because the viscos¬ 
ity of the water increases with decreasing tempera¬ 
ture and therefore the permeate flux is reduced. For 
drinking water:“ 

where represents permeate flux corrected for 
20 °C (L/m^ per h), permeate flow (L/h), T per¬ 
manent test temperature (°C) and A membrane 
surface area (m^). 

Specific flux (/J is another term used (L/m^ per h 
per kPa). This is defined as the permeate flux at 
20 °C (L/m^ per h) divided by the pressure differ¬ 
ence over the membrane (TMP, kPa), calculated by 
the following equation: 

/,=y,o/TMP 

The permeate flux (/) for PDMS processes may 
depend on the TMP in relation to the resistance in 
the membrane to flow of permeate {R). If fouling is 
present, i? will increase, i.e. i? =R -t i?,. If there is 
an osmotic pressure difference (AOP) as in RO 
membranes, this will reduce permeate flux due to 
reduced TMP (TMP-AOP). 

The resistance to flow through the membrane can 
be further expressed by the permeability of the 
membrane {K), the viscosity of the fluid ( 77 ), and the 
length of the medium (thickness of the membrane, 
L). It can be expressed by the following equation: 

y = it[TMP/(/ 7 L)] 

The term KIL is called the specific permeability and 
may be used to say something about membrane 
performance. 


The permeability of the membrane depends on 
the structure of the membrane, and differs if the 
membranes are porous or dense. The typical models 
are the pore flow model and the solution-diffusion 
model. The latter is normally used for RO and some¬ 
times NF. In the pore flow model the permeate flows 
through the pores or capillaries due the pressure dif¬ 
ference (Darcy’s law). In the solution-diffusion 
model, the permeate flows through the membrane 
by solution in the membrane and diffusion across 
the membrane (Fick’s law). In the latter, separation 
occurs due to differences in solubility in the mem¬ 
brane and in diffusion rate across the membrane. 

Considering pore flow, the pore geometry of the 
membrane surface layer will be difficult to model 
because there are no pores that are equal in size or 
shape, and some may also be dead end. In a real 
membrane, the parameter actually used is pore 
size distribution. Two typically used models for 
calculating the flux through the pores are the 
Hagen-Poiseuille equation and the Kozeny-Carman 
equation. The Hagen-Poiseuille equation fits when 
the model is a cylindrical pore as in MF and UF 
membranes, while the Kozeny-Carman equation fits 
if the pores are assumed to be interstices between 
close-packed spheres (for more details, see refs 1 , 2 ). 

Hagen-Poiseuille equation 

/=(£r")/( 8 r)x(TMP/L; 7 ) 

where t represents tortuosity (path length in 
relation to pore diameter), e surface porosity and r 
pore radius. 

Kozeny-Carman equation 

J=[e^)lKS^ {1-ef X (TMP/L;/) 

where K represents membrane constant (Kozeny- 
Carman constant) and S specific surface area. 

The surface porosity can be further expressed as 
follows: 

£=n^7tr^/A^ 

where n^ represents number of pores, r pore radius 
and A^ membrane area. MF membranes typically 
have a porosity of 5-70% while UF membranes 
have a porosity of 0 . 1 - 1 %. 

Considering a diffusion-solution model, typically 
for RO, the permeate dissolves into the membrane 
according to equilibrium laws, diffuses across the 
membrane according to pressure and concentration 
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gradients, and is released on the other side of the 
membrane. Because diffusion through the mem¬ 
brane is slow, the membranes are very thin. Permeate 
flow depends on TMP and the osmotic pressure and 
the permeability of the membrane. The permeabil¬ 
ity of permeate in the membrane depends on sev¬ 
eral factors, such as diffusivity of the permeate in 
the membrane and solubility in the membrane. The 
total solution-diffusion equation for water passing 
an RO membrane can be expressed as follows; 

J„ = [C^D^v^{FMP-^7t)\l{TRz) 

where C represents mean water concentration in the 
membrane (g/cm^), diffusivity in the membrane 
(cm%), partial molar volume of water (cmVg), 
TMP the pressure difference across membrane, Ajr 
osmotic pressure across membrane, T temperature, R 
ideal gas constant and z thickness of membrane. 

The recovery is defined as the ratio of permeate 
flow to feed water flow, and can be calculated by the 
following equation: 

Recovery(%) = [Permeate flow rate (Q^) / 

Feed flow rate(Q^)] x 100 

The term ‘recovery’ is used to show the total produc¬ 
tion of a membrane filtration plant, i.e. how much of 
the feed is actually passing the membrane. For mem¬ 
brane filtration with low TMP (as in MF and UF), 
typical recovery is around 85-97%, i.e. for each litre 
of feed water, 0.85-0.97 L is recovered as permeate 
and the rest is reject. For the smaller pore sizes used 
in NF and RO, the recoveries are lower (50-60%) 
and are highly dependent on pretreatment. 


Rejection is another parameter used to show how 
much of a component is rejected from passing the 
membrane. This varies between 100 and 0, and can 
be calculated according to the following equation 
depending on how much is rejected from passing 
the membrane: 

r(%)=ioo[(q-cJ/q] 

where R represents rejection in %, concentration 
in feed and concentration in permeate. 

When there are several components in the feed, 
the terms separation factor (a) and enrichment fac¬ 
tor (/I) are typically used. The separation factor can 
be calculated as follows: 

«ab=(Cp,/C,,)/(Q/C^) 

while the enrichment factor is calculated by the fol¬ 
lowing equation: 

Two other terms used are ‘selectivity’ (also called 
selection or retention factor) and ‘productivity’. 
Selectivity defines how much can pass while pro¬ 
ductivity defines how much is actually passing. 

When back-washing of the membranes is carried 
out to remove fouling, the membranes are out of 
operation and this time is important when deter¬ 
mining the capacity of a membrane plant. The same 
is the case for the period when detergents are used. 

In total a lot of information is therefore necessary 
to give operation and design data for a membrane 
filtration plant (Table 8.1).^® This is also the reason 


Table 8.1 Example of actual operation and design data for a cross-flow membrane plant. 


Membrane type 
Daily treatment 
Operating hours per day 

Capacity 
Permeate flux 

Filtration cycle 
Recovery 

Energy consumption 
Operating pressure 
Number of modules 
Total membrane area 
Expected membrane lifetime 


For example MF, UF 

How much effluent water (m^) is going to be treated per day 

How many hours is the membrane filtration plant in operation purifying effluent 

water per day (not in back-flushing mode) 

What is the purification capacity per hour when the membrane is producing purified water 
How much water (L) is forced through the membrane surface area (m^) per time 
unit (h) 

How often is it necessary to back-flush the membrane (min) 

What is the percentage of the purified water in relation to the total amount of effluent 
water entering the membrane 

What is the energy consumption (kWh) per unit volume effluent water treated (m^) 
What is the pressure required by the membrane plant to purify the effluent water (bar) 
How many modules are used in the membrane plant (number) 

What is the total surface area of all the membrane modules (m^) 

What length of time is expected before replacement of the membranes (years) 
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for performing a test with a pilot scale membrane 
plant before investing in a full-scale membrane 
separation plant. 

8.12 Some examples of results with 
membranes used in aquaculture 

In RAS systems using traditional microsieves with 
mesh size of 30-40 pm and nitrification filters, there 
is accumulation of small-sized particles, seen as 
increased turbidity. This can be removed with mem¬ 
brane filters. Using dead-end MF membranes, 
Viadero and NobleP found their best results 
to be greater than 94% TSS rejection and 76% 
BOD rejection when using synthetic aquaculture 
process water. They also showed that when using a 
cross-flow filtration set-up with 0.05 pm pore size 
and hollow fibre membrane, permeate flux 
increased with temperature and TMP up to a limit 
but then was pressure independent. They also 
concluded that membrane filtration is not an 
economic alternative to coarse solids removal by 
traditional microscreens, which is expected since 
membrane filtration removes smaller-size 
impurities. 

Nora’aini et alA used a self-prepared fine ultra- 
low pressure asymmetric polyethersulfone (PES) 
membrane, after sand filtration, for removal of 
ammonium. They achieved a rejection of up to 
85.7% and 96.5%, respectively, for ammonia and 
total phosphorus with TMP in the range 4-8 bar. 

Several others have also reported use of mem¬ 
brane filters for removal of ammonia, and both NF 
and RO filters have been used.^^^^'* Very good 
removal of ammonia has been achieved, 90-100% 
removal rates with operating pressures of 15-25 bar. 
The advantage with NF is of course the lower pres¬ 
sure requirements.^'* Cancino-Madariaga et al}‘' 
also evaluated the effects of reduced pressure and 
showed reduced removal for pressures above 6 bar 
and 24.5 bar on NF and RO respectively. When 
testing the effects of pH, they found that ammo¬ 
nium retention was higher at pH 7 than at pH 5. 
The use of energy to create the pressure difference 
over the membrane will be an inhibiting factor 
when using NF and RO in aquaculture. Qin et alP 
and Liu et alP utilized a local windmill to create 
power for the pressure pump used for the mem¬ 
brane filter. 


Several experiments have been conducted using 
an MBR for treatment of back-wash water from 
drum filters in RAS farms.^^’^** These trials com¬ 
bined this system with an enhanced phosphorus 
removal system (see Chapter 4). The authors 
showed almost complete exclusion of TSS and bac¬ 
teria (total heterotrophs and total coliform) and the 
associated BODj, total nitrogen removal was above 
91%, total phosphorus removal was 65-96%, and 
salinity ranged from 32 to 0 parts per thousand. 
Based on their findings, these authors also suggest 
that a permeate from MBR could be used for recy¬ 
cling into the farm because it does not affect salinity 
or alkalinity and this may be particularly useful in 
farms with a high degree of re-use. 

Compared to the conventional activated sludge 
system, MBR (or, more precisely, the membrane) 
has the advantage of retaining bacteria and viruses.^’ 
In an MBR in the UK, bacterial and viral reduction 
of respectively log 6 and log 3 to log 5 has been 
achieved. It has also been shown that an MBR can 
tolerate higher solids concentration than a conven¬ 
tional activated sludge system. 
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9 

Sludge Production, Treatment 
and Utilization 


9.1 What is the sludge? 

Removal of particles from the water creates sludge, 
comprising water and particles. The water content 
and dry matter (DM) or total solids (TS) of the 
sludge depend on the particle filter used for efflu¬ 
ent treatment. To give an idea of the amount of 
sludge (faeces) created by the fish, the following 
estimate can be used: for each kilogram of feed 
eaten by rainbow trout, 20% faeces are produced 
measured on 100% DM basis.^ However, this value 
depends on a number of factors, including feed 
composition, feed type, fish size and fish species, 
and will therefore vary. If the feed conversion rate 
(FCR) is above 1 and traditional dry feed is used, 
there will be feed loss and this goes directly to the 
outlet in addition to the sludge produced from the 
faeces. This also shows the importance of correct 
feeding and avoiding feed losses. 

Example 

How much sludge is produced per kg commercial 
dry feed supplied to rainbow trout if the treatment 
efficiency of the filter is set to 50% measured as DM? 
What happens if the FCR increases to 1.2? 

Per kg feed supplied, 200g of sludge is produced 
and the filter collects 50% of this. This means that the 
amount of sludge collected per kg feed supplied 
is 100 g. 

If the FCR is 1.2, only 0.83 kg of each kg feed sup¬ 
plied will be utilized for growth, while the rest will be 
feed loss. Calculating that 20% of the feed eaten is con- 
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verted to faeces, this represents 0.17kg. If this is added 
to the feed loss, the total amount is 0.17 +0.17 =0.34 kg 
of sludge DM. If collecting 50% of this, the amount 
collected per kg feed supplied will be 170g. 

Over the last 20 years, with improved feed quality 
and feeding control, sludge production per kilo¬ 
gram feed supplied or kilogram fish produced has 
been markedly reduced. A commonly used relation 
for salmonids is daily production of sludge DM for 
different FCR as follows (A. Bergheim, personal 
communication, 2012): 

Sludge DM (g/kg fish per day) = 0.2(10“^''^“) 

Based on this relation, the relative quantities of 
sludge produced are as follows: at FCR 0.9,89%; at 
FCR 1.0,100%; and at FCR 1.15,142%. 

9.2 Dewatering of sludge 

The amount of sludge actually present is much 
higher than when calculating on 100% DM basis, 
since the percentage DM in the collected sludge 
depends on the filter system used. In a mechanical 
filter, it is mainly a consequence of how the straining 
cloth is back-washed, whether using air or water, 
and if water the amount. Normally, the percentage 
DM in aquaculture sludge is in the range 0.1-1%, 
but in special filters it might be up to 5 %. It is advan¬ 
tageous to have as high a DM level in the sludge as 
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possible, which means that back-flushing with water 
is disadvantageous in this context. The only reason 
for back-flushing with water is that it is an effective 
system for cleaning the particle filter cloth. A large 
proportion of DM in the sludge reduces the amount 
that must undergo further treatment and transpor¬ 
tation; the sludge is therefore often dewatered to 
increase the percentage DM. Filter presses and spe¬ 
cial centrifuges (decanters) can be employed for 
dewatering.^’^ The sludge may also be sent to a set¬ 
tling system for further separation of particles.'^ 
Sedimentation in a conical-shaped unit has been 
used and increases the DM in the sludge to 7-10%. 
Coagulation and flocculation chemicals may be 
added to increase the settling velocity (see Chapter 7) 
and this increases the DM in the sludge. Drying 
may also be used but this is typically an expensive 
method unless there is the possibility for sun drying. 
Which method to choose also depends on how the 
sludge is further treated. 

Normally, the sludge must be collected and stored 
so that enough accumulates to make treatment and 
use economic. A particle removal system will there¬ 
fore include storage tanks for the sludge. The size of 
these will of course be directly related to the DM in 
the sludge and also the dewatering system used. 


9.3 Stabilization of sludge 

To make it possible to store the sludge, it must be 
stabilized. If the sludge is immediately placed in an 
open container with access to air at the surface, 
uncontrolled decomposition (rotting) will take 
place. This is because the sludge will be partly 
exposed to air (aerobic decomposition) and partly 
not (anaerobic decomposition). This condition is 
suboptimal for both decomposition processes and 
the period needed for decomposition will be much 
longer. Decomposition of the sludge will always 
occur because of the growth of microbes (bacteria, 
fungi, moulds, etc.) that are always available in the 
sludge. They obtain nutrients and energy for growth 
from the sludge and the surrounding atmosphere, 
and in this way the sludge is destabilized. 

In simple terms, the end products of fully aerobic 
decomposition of organic matter (sludge) are CO^, 
water and ash (inorganic materials, minerals). This 
is actually a combustion process. Use of anaerobic 
decomposition results in gas production, mainly 


methane (biogas) but also some CO^, while the 
remainder comprises minerals and water. However, 
this will never occur under practical conditions, 
because the process is halted before it is fully com¬ 
pleted (which takes a long time). 

An uncontrolled decomposition process will 
result in a strong smell and degassing from the 
sludge, and this will have effects on the develop¬ 
ment of the microbial community and the nutrient 
content. This may prevent subsequent use of the 
sludge. Correct decomposition ensures that nutri¬ 
ents in the sludge are easily available for plants so 
that it can be used as fertilizer on agricultural land. 
Sludge from fish farms is typically rich in organic 
nitrogen (3-9% of DM) and phosphorus (1-4% 
of DM). In addition, the concentration of heavy 
metals is usually below regulatory limits® and 
this makes the sludge useful as an agricultural 
fertilizer. 

Untreated sludge may contain pathogenic 
microorganisms such as viruses, bacteria and para¬ 
sites.® When infected sludge is spread on agricul¬ 
tural land and there is drainage to lakes or rivers, 
pathogenic microorganisms could be transferred 
to local fish strains. Birds could also transfer path¬ 
ogenic microorganisms from the sludge to lakes. 
Therefore the sludge must be treated to inactivate 
the pathogenic microorganisms before it is spread, 
and this is not achieved with uncontrolled 
decomposition. 

There are several ways to inactivate pathogenic 
microorganisms in sludge; wet or dry composting is 
commonly used, and the same is the case with fer¬ 
mentation (controlled rotting). Another method is to 
add lime to raise the pH in the sludge and hence inac¬ 
tivate the microorganisms. All these methods will also 
stabilize the sludge so that it can be stored and not 
release a strong smell. It may also make the sludge 
more suitable for use as fertilizer on agricultural land. 

9.4 Composting of the sludge: aerobic 
decomposition 

When sludge is composted, controlled aerobic 
decomposition occurs.® Because of the low content 
of DM, wet or liquid composting could be used 
with advantage for fish farming sludge (Fig. 9.1). If 
using dry composting, the DM in the sludge must be 
much increased (>25%). Before composting the 
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Figure 9.1 A wet composting 
reactor for treatment of sludge. (From 
Skjelhaugen & Saether.® Reproduced 
with permission of O.J. Skjelhaugen.) 


sludge may be mixed with manure or municipal 
sludge. In a community there may be a centrally 
installed reactor. The sludge is poured into a con¬ 
tainer where air is added, for instance through an 
injector pump. In addition, the sludge is circulated 
around the tank so that air comes into contact with 
all the sludge, i.e. the process is completely aerobic. 
This results in controlled bacterial development in 
the container and this decomposes the organic 
matter. 

In aerobic decomposition, the organisms in the 
sludge use organic matter for growth and new cell 
mass is established. The C/N ratio in the sludge is of 
importance because the microorganisms use car¬ 
bon as an energy source and carbon is also included 
in the cell mas. In general, about two-thirds of the 
carbon is used for energy and the rest for cell 
growth (i.e. cell mass) in combination with the 
available nitrogen. However, the processes that 
occur during decomposition are complex and sev¬ 
eral cycles of organism growth are required to ‘burn’ 


all the carbon. When the C/N ratio is low, the nitro¬ 
gen will be released as ammonia or some may be 
oxidized to nitrate. 

The process releases energy (exothermic reac¬ 
tion), so the temperature increases depending on 
the sludge. This is due to the energy released when 
organic carbon is oxidized to inorganic carbon 
(COj), as in a combustion process. Fish farming 
sludge is energy-rich (experimentally producing 
3.1kWh/kg DIVF) and the temperature rises to 
60-70(Fig. 9.2). The community of microorgan¬ 
isms in the sludge depends on temperature and 
changes with increase in temperature; at high tem¬ 
peratures, thermophilic bacteria dominate. By 
maintaining the high temperature for some time, 
pathogenic microorganisms are inactivated and the 
sludge is stabilized for storage. To eradicate the 
smell that develops during the composting process, 
it is an advantage to include a smell filter, for 
instance made of peat, through which all gases emitted 
by the composting process have to pass.’^^ Overall, 
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Figure 9.2 Temperature increase in liquid composted 
sludge from aquaculture. 

the composting process will result in biological sta¬ 
bilization of the sludge, removal of the major odour 
compounds, increased availability of some plant 
nutrients, nitrification of ammonia, and improved 
waste consistency.’ However, composting will not 
decrease the DM in the sludge, but may increase it 
due to the development of bacterial cell mass. 

9.5 Fermentation and biogas 
production: anaerobic decomposition 

If the process is run without access to oxygen, 
anaerobic digestion (also known as fermentation) 
will occur (for more details, see refs 10-13). As with 
composting, naturally occurring microorganisms in 
the sludge are utilized, but here it is the anaerobic 
organisms that produce cell mass. However, the 
organic nitrogen fraction will now be decomposed 
to organic nitrogen-containing acids and ammonia. 
Unlike the aerobic process, which is an oxidation 
process, anaerobic decomposition is a reduction 
process. Carbon is also used as an energy source for 
the growth of the microorganisms but only a small 
amount of heat is released, the rest of the energy 
being released as gas (biogas). Biogas contains a 
great deal of energy that can be released by a later 
combustion. 

Anaerobic decomposition is a complex process 
that is typically divided into four steps: hydrolysis, 
fermentation, acetogenesis and methanogenesis. 
The initial step, hydrolysis, involves the interaction 
of the input material with water; in the next step 
decomposition of carbohydrates occurs, while in 
the last two steps the fermentation products are 


converted into acetate, hydrogen and CO^ and, 
finally, methane. The three last steps are performed 
by microorganisms fitted for the purpose. 

The total DM is reduced typically to 50-60% of 
the start value, but this depends on sludge compo¬ 
sition and how much is easily fermented. A larger 
part of the material is mineralized compared with 
aerobic decomposition. Biomass growth in anaer¬ 
obic digestion is therefore much lower than for 
aerobic digestion. The sludge that is the end prod¬ 
uct of fermentation is a good fertilizer, and the 
degree of mineralization makes it more concen¬ 
trated. If using fermentation it is important that 
no air is allowed to enter, so that a completely 
enclosed unit must be used (i.e. fermenter, digester 
or reactor). Different reactor types are available. 
Normally, some heating of the sludge will be 
necessary to allow faster development of the 
microorganisms; various regimes are used, but 
typically temperatures around 30-35°C are used 
for aquaculture sludge. The period that the sludge 
is exposed to fermentation also varies, for exam¬ 
ple animal manure takes 10-35 days, while for 
aquaculture sludge hydraulic retention times of 
6-60 days have been reported.’^ A high fat content 
reduces the time necessary but high fat content 
may inhibit the process. Fermentation produces 
biogas, which is collected on the top of the fer¬ 
menter. Biogas contains mainly methane but it 
will also contain some CO^ and other gases like 
hydrogen sulphide; methane values of 30-80% 
have been reported.^’ The degree to which other 
gases are present determines the purity of the 
biogas. The amount of gas produced depends on 
the composition of the organic matter in the 
sludge, with more fat resulting in purer biogas 
production. Methane gas production can be esti¬ 
mated based on the chemical oxygen demand 
(COD) values in the sludge; for aquaculture 
sludge, values of 0.02-0.25 L methane gas per 
gram COD have been reported. 

In addition to the production of biogas, there will 
also be a reduction in offensive odours, a break¬ 
down of organic mass (the reason for biogas reduc¬ 
tion), a reduction in pathogens and an improved 
fertilizing value due to easier availability of nutri¬ 
ents.® The biogas can be used for heating or elec¬ 
tricity production, so there is a positive output from 
the process. Sludge that has gone through this 
process can be stored for later use as fertilizer for 
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agricultural land. The biogas process typically 
requires a DM content of 5-10% and this is reduced 
during the process to 2-5% (i.e. diluted sludge). 
However, all the particle-bound nitrogen has been 
converted to ammonia, so the ammonia and phos¬ 
phorus content will be quite high. 


9.6 Addition of lime 

Adding lime (CaO) or slaked lime (Ca(OH) 2 ) to 
the sludge increases the pH and will also stabilize 
and disinfect the sludge. In experiments with sludge 
from fish farming, it has been shown that by increas¬ 
ing the pH to 12 and maintaining this value for 
7 days, more than 99.9% of the pathogenic viruses 
and bacteria were killed.® The sludge produced is 
well suited for use as organic fertilizer. However, 
the increase in pH results in stripping of available 
ammonia in the sludge, but will also stop all decom¬ 
position of protein in the organic matter, so this 
nitrogen fraction will still be in the sludge. 


9.7 Utilization of sludge 

The treated sludge must be used and a good solu¬ 
tion is as a fertilizer in agriculture. However, there 
is one challenge - the amount. Taking a farm with a 
production of 300 tonnes and estimating waste pro¬ 
duction as 25% per kilogram including feed loss 
and filtration efficiency as 50% gives a yearly sludge 
production of 37.5 tonnes on 100% DM basis. 
However, a DM content of 15% results in a sludge 
production of 250 tonnes, while a DM content of 
5% results in a sludge production of 750 tonnes. 
This will result in much transport of sludge from the 
farm and it may therefore be beneficial to increase 
DM content by additional dewatering after sludge 
treatment. If spreading sludge on agricultural land, 
assuming 4.5 tonnes/ha and 5% DM, the area 
required will be 167 ha, but this is highly dependent 
on what is grown and the nutrient content of the 
sludge. Which method to choose for sludge treat¬ 
ment therefore depends on how the sludge is uti¬ 
lized. An important factor is how long the sludge 
must be stored before utilization. The amount will 
be important due to the fact that there are invest¬ 
ment costs related to the treatment facilities, for 
instance the fermentation/biogas plant. There is 
also the possibility for delivery of sludge to the 



Figure 9.3 A tank for sludge collection for later treat¬ 
ment is necessary on farms. 

plant from other sectors like municipal sludge. 
Other possibilities for utilization of sludge is as feed 
to algae or microorganism cultures. A simple, and 
conventional, way to get rid of the sludge is to 
deliver it to a combustion plant where it is utilized 
directly for energy production; however, since this 
results in the loss of the nutrients it is a suboptimal 
solution. 

When establishing a system for particle removal 
it is therefore necessary to think not only about the 
particle filter itself, but also sludge treatment and its 
utilization. This includes tanks for sludge collection 
(Fig. 9.3). 
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Disinfection 


10.1 Introduction 

Disinfection can be described as the reduction of 
microorganisms such as bacteria, viruses, fungi and 
parasites to a desired concentration. This is not the 
same as sterilization, where all microorganisms are 
eliminated. The aim of disinfection of water in fish 
farming is to reduce to an acceptable level the risk 
of transfer of infectious disease from the water to 
the fish. When disinfecting water for fish farming, 
selective inactivation of fish pathogenic microor¬ 
ganisms is required in addition to overall reduction 
in the total number of microorganisms. Pathogenic 
microorganisms infect the fish and cause disease. 
Transmission of infectious diseases is possible in 
two ways, horizontal and vertical. Horizontal trans¬ 
mission includes direct or indirect contact between 
individuals or populations. Direct contact occurs 
between individuals or urine or faeces, while indi¬ 
rect contact occurs through contact with water, 
equipment and personnel with pathogens. Vertical 
transport includes transmission from one genera¬ 
tion to the next through roe or milt, for example. 

Disinfection can be performed in different situa¬ 
tions in aquaculture. Water, equipment, buildings 
and effluent can all be disinfected. Equipment 
includes tanks, nets, pipes and shoes. Disinfection of 
buildings includes, for instance, disinfection of the 
hatchery after seasonal use. Effluent may include 
sludge and by-products. Disinfection of water actu¬ 
ally occurs at several places in an aquaculture plant. 


Aquaculture Engineering, Second Edition. Odd-Ivar Lekang. 
© 2013 John Wiley & Sons, Ltd. Published 2013 by John Wiley 


Usually the inlet water is disinfected, whether it is 
sea water or fresh water. At the larval stage it is par¬ 
ticularly important to reduce the number of micro¬ 
organisms because larvae are more vulnerable to 
infection. In a recirculating aquaculture system 
(RAS), the water may also be disinfected before 
being used again to avoid increasing the micro¬ 
organism burden. The outlet water may also be dis¬ 
infected to avoid transfer of microorganisms to fish 
species in the recipient water body. 

There are several methods for disinfecting water 
and a number of general textbooks are available 
(for example, refs 1-4). Disinfectants can be sepa¬ 
rated into chemical agents and non-chemical 
agents.^ Alternatively, a four-group classification 
can be used: (1) chemical agents, (2) physical 
agents, (3) mechanical agents, and (4) radiation.'^ 
The first group includes chlorine and its com¬ 
pounds, bromine, iodine, ozone, phenol and phe¬ 
nolic compounds, alcohols, heavy metals and related 
compounds, soaps and synthetic detergents, qua¬ 
ternary ammonium compounds, hydrogen peroxide 
and various alkalis and acids. The second group 
includes heating and the use of sunlight, especially 
the ultraviolet (UV) end of the spectrum. The third 
group includes particle separation and although 
particle separation is the main objective, there will 
also be a reduction in the number of microorgan¬ 
isms because many are attached to particles. Larger 
parasites such as Costia and Gyrodactylus will also 
be removed with a particle filter of small mesh size 
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(20|im). However, membrane filtration (Chapter 8) 
may remove all types of microorganism by utilizing 
a sufficiently small pore size. To the fourth group 
belong different types of radiation including elec¬ 
tromagnetic, acoustic and particle. For example, 
gamma rays are used to disinfect and also sterilize 
water and food, although this method is expensive. 

Many of the chemical agents employed oxidize 
the organic materials, including the microorgan¬ 
isms. The oxidizing potential indicates how effective 
the agent is likely to be and this is described in more 
details in section 10.5. This mechanism is utilized 
in ozone treatment and in advanced oxidation 
technology. 

Regardless of the method chosen for disinfection, 
the quality of the water to be disinfected is of major 
importance. Pure inlet water is much simpler to disin¬ 
fect than outlet water because the latter contains more 
particles. Turbid water and water with a high content 
of organic substances, such as re-use water, are also 
more difficult to disinfect and therefore not so com¬ 
monly disinfected. Before disinfecting contaminated 
water, it is essential to carry out some kind of pretreat¬ 
ment, normally comprising removal of particles. 

For disinfection of water supplies to aquacul¬ 
ture facilities, UV light and ozone are most often 
used. Sections 10.3 onwards survey the methods 
employed, with emphasis on UV light and ozone. 
When starting disinfection, one must be aware 
of the production of disinfection by-products, which 
might be harmful for both fish and humans. For 
instance, reaction between disinfectants and natural 
organic matter may create carcinogenic substances. 


10.2 Basis of disinfection 

10.2.1 Degree of removal 

The term ‘percentage removal’ of actual microor¬ 
ganisms is used in environmental engineering. In 
microbiological terms, logj^j removal or inactivation 
(decimal removal) is used to define the disinfection 
yield; normally a reduction of between 99 and 
99.99% of the total number of bacteria is wanted, 
which corresponds to a log disinfection of 2-4. 
However, these terms do not give exact values of 
the number of microorganisms left; they only 
indicate by how much numbers are reduced from 
the starting concentration. 


Example 

The normal concentration of bacteria is lO’lmL and 
a reduction of 99.9% is required. Find the concentra¬ 
tion of bacteria present after disinfection. 

Concentration of bacteria = 10’ (1 - 0.999) = 10 000 
after infection = 10‘'/mL 

Example 

The starting concentration of bacteria is lO^lmL. 
A log disinfection of 3 is wanted. Calculate the new 
concentration of bacteria. Eet the starting concentra¬ 
tion be Vj and the end concentration N^; log 
(disinfection) = 3. 

log (disinfection) = log(Vj /A^ 2 ) = log-^i “ log ^2 
logVj = logVj - log (disinfection) 
logV2 = 7-3=4 
/V; = 10Vm T. 


10.2.2 Chick’s law 

Inactivation of microorganisms in a disinfection 
plant depends on the time that the microorganisms 
are exposed to the disinfectant. This is described by 
Chick’s law (first-order kinetics); 

dN/dt = kN 

where dN/dt represents necessary time to inactivate 
N microorganisms, k the time constant depending 
on disinfectant, type of microorganism and water 
quality, N number of live microorganisms, and t 
time. This differential equation can be integrated 
within limits to give the following equation; 

Vi = V„e-*' 

where represents number of microorganisms at 
the start and the number of microorganisms 
after time t. 

10.2.3 Watson’s law 

Based on the results of Chick’s law, Watson’s law 
can be developed; 

\n^=kt k = -AC'' 
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N 

ln^ = -AC'’f 
No 

where A represents coefficient of specific toxicity, C 
concentration of disinfectant, n the exponent (nor¬ 
mally around 1) and f time after start-up. This means 
that the relation between the number of active and 
inactive microorganisms is a product of the concen¬ 
tration of the disinfectant and the exposure time. 

10.2.4 Dose-response curve 

Based on Watsons’s law a dose-response relation 
may be established for specific types of microorgan¬ 
ism. This gives the proportion of microorganisms 
inactivated by fixed doses of disinfectant over vari¬ 
ous time periods. Exact dose-response relation¬ 
ships are difficult to determine in practice for 
several reasons. It is often difficult to isolate new 
pathogens and the response to a certain dose 
depends, amongst other factors, on the immune 
status of the organism, environmental conditions 
and population density. 


10.3 Ultraviolet light 

10.3.1 Function 

UV light is electromagnetic radiation with a wave¬ 
length of 1-400 nm (lnm=10“^m) located at the 
lower end of the visible spectrum and beyond 
(Fig. 10.1) (the spectrum of visible light extends 
down to 380nm). At the opposite end of the visible 
spectrum is the infrared (IR) region, heat radiation 
with longer wavelengths that cannot be detected by 
the human eye. 

The ability of UV light to inactivate and destroy 
microorganisms varies with both wavelength and 
the microorganisms to be inactivated. The most 
effective wavelength for general disinfection is 250- 
270 nm.'^ UV light created by mercury vapour lamps 
will have a wavelength of around 253 nm (depending 
on construction), which is effective for disinfection. 

10.3.2 Mode of action 

UV light will damage the genetic material (DNA 
and/or RNA) in the microorganism by disruption of 
the chains, which results in inactivation and death. 
Inactivation (D) is proportional to the dose of radi- 


Wavelength 

A 


700 nm 


Infrared light 


Red 

Orange 

Yellow 

Green 

Blue 

Violet 


> Visible light 


UV light 


400nm -- 
0 nm -- 

Figure 10.1 Different wavelengths of light. 


ation per unit area (intensity) of the UV light (/) 
and the exposure time (t): 

D = It 

The radiation dose is normally given in units of pWs/ 
cm^ (microwatt second per centimetre squared), i.e. 
radiation intensity (energy) per unit area. 

The effectiveness of the UV light depends on a 
number of factors, including lamp intensity, age of 
the lamp, cleanliness of the lamp surface, distance 
between the lamp and the organism to be inacti¬ 
vated, type of organism to be inactivated, duration 
of UV exposure and purity of the water. 

UV lamps become less efficient with use, and 
need to be replaced regularly, normally at least 
once a year. Normally the lamp is changed when its 
output has diminished to 60% of the original.® The 
intensity of the lamp should be measured to ensure 
sufficient exposure to UV radiation. 

How well UV light passes through water depends 
on the characteristics of the water. UV transmission 
depends on the particle content (turbidity) of the 
water, for example. Transmission will be lower for 
re-used water than for new good-quality inlet water. 
When dimensioning UV systems, it is therefore 
important to be aware of this. 

Low-pressure UV has increased efficiency com¬ 
pared with mid- and high-pressure lamps and cre¬ 
ates UV radiation of a more specific wavelength, 
whereas high-pressure lamps have a broader wave¬ 
length spectrum. Use of high-pressure UV will 
reduce the number of lamps but may increase the 
total operating costs. Use of high-pressure lamps, 
with increased intensity, will also increase the 
temperature on the surface of the lamps. 
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Figure 10.2 A UV plant can be constructed with UV 
lamps placed in the water flow, which is the usual 
arrangement (A, B), or above the water flow (C, D). UV 
plants can be designed for large water flows (E). 


10.3.3 Design 

UV lamps can be placed either in the water 
(Fig. 10.2a,b) or above the water surface*” 


(Fig. 10.2c,d). Usually the lamps are placed in 
a chamber through which the water flows. UV 
chambers may be equipped with reflectors or tur¬ 
bulence discs to irradiate the total water flow more 
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effectively. The UV lamp is normally placed inside 
a quartz glass pipe to protect it from direct cooling 
by the water and fouling of the lamp surface. 

Fouling may occur on the quartz glass pipes 
which therefore must be cleaned regularly, either 
manually or automatically by washing with brushes, 
to maintain optimal UV intensity. Fouling will 
decrease UV transmission. 

The intensity of the UV radiation can be meas¬ 
ured continuously and readings linked to a regulator, 
so that sufficient radiation intensity can be main¬ 
tained in water of varying turbidity and with various 
extents of fouling on the pipes. If the radiation inten¬ 
sity decreases to a limiting value, an alarm can be 
activated so that remedial measures can be taken. 

If the UV lamps are placed above the water sur¬ 
face, the water flows in a thin layer directly below 
them. In this system the UV rays must pass through 
the water surface and therefore must be more 
intense than in a submerged system. For the same 
reason, the layer of water is thin. As the lamps are 
above the water surface, fouling will not be so 
critical for this kind of system, but the problem of 
varying water quality will be the same as in plants 
where the UV lamp is placed inside the water flow. 

10.3.4 Design specification 

When designing a UV plant, the radiation dose, 
water retention time in the chamber (time that the 
microorganism is exposed to UV radiation), and the 
UV transmission must be specified. The transmission 
is given as the percentage of the known transmission 
for distilled water. If the water is contaminated with 
particles, humus, etc. and is coloured, the transmis¬ 
sion will decrease and must therefore be measured. 
This is normally performed for one distance, for 
instance 5 cm. The transmission for other distances 
may then be found from the following equation:’ 



where represents transmission through Lem of 
water, transmission through L^cm of water, L 
thickness of the water layer (cm) and L^ thickness 
of the water layer set at 1 cm. 

Example 

The UV transmission for re-used water of a given 
quality is found to be 90% through a 1-cm thick layer 
(i.e. 90% of the UV radiation passes through a water 
layer 1 cm thick). Eind the UV transmission for a 
5-cm thick water layer. 


Using the equation 



where L = 5cm, L^ = l cm, and Tg = 90% =0.90 
= 0.90^'’ = 0.59 

Thus 59% of the initial UV radiation passes through a 
5-cm thick water layer, i.e. the UV transmission is 59%. 

The UV intensity can be defined as the amount of 
radiation per unit surface area and the following 
equation can be used to find the radiation dose at 
distance E from the UV radiation source:’ 

p 

D = —Tf-t 

where D represents radiation dose (mWs/cm’), P 
radiation effect (W), S area of radiated surface 
(cm’), Lp transmission through I cm of water (%), L 
thickness of the water layer that is radiated (cm) 
and t necessary time for radiation (s). 

Example 

A UV tube is mounted in the middle of a cylindrical 
chamber of radius 5 cm. The length of the UV lamp is 
1 m and therefore the largest radiated area will be 
0.31 m’. The UV transmission through a 1-cm layer of 
water is 95%. The time from when the water enters the 
chamber to when it leaves is 10s, so it is exposed to UV 
radition for 10s. The UV radiation effect of the tube is 
16W. Find the lowest UV radiation dose to which the 
water is exposed (this is close to the interior walls of 
the chamber, almost 5 cm from the UV tube). 

Using the equation: 

p 

D = —Tf-t 
S “ 

where P=16W, S = 0.31 m^=3100 ern^, T^ = 95%, 
L = 5cm and t=10s 

16 y 

£» = -!^x 0.95/1 X 10 
3100 

D = 0.0400 Ws/cm’ 

D = 40 mWs/cm’ 

To obtain good disinfection it is necessary to have a 
low content of particles and humus in the water, so 
these must be removed before the water enters the 
UV chamber, otherwise they will shield the micro¬ 
organisms from the UV radiation. 
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10.3.5 Dose 

The dose required to kill pathogenic microorgan¬ 
isms depends on the organism. In commercial 
plants a normal UV dose is in the range 30-35 mWs/ 
cm^, and this is adequate for a log disinfection of 
3 for most common aquaculture bacteria.*'’®’® 
However, some viruses, such as infectious pancre¬ 
atic necrosis, are much more difficult to inactivate 
and doses of 100-200 mWs/cm^ have been sug¬ 
gested.*” Care should be taken when reading 
papers where the effective dose rates are given, 
as the methods used in the laboratory are often 
different from those used in commercial aquacul¬ 
ture where, for instance, UV transmission through 
the water is variable. 

10.3.6 Special problems 

As previously described, particles can be a problem 
because they shade the microorganisms from the 
UV light, so it is absolutely necessary to remove 
them before UV irradiation. If the water is very 
turbid, as may occur in systems with a high degree 
of water re-use, UV transmission may be so 
reduced that it is impossible to use a UV lamp for 
disinfection. 

10.4 Ozone 

10.4.1 Function 

Ozone (O 3 ), sometimes called trioxygen, is a col¬ 
ourless gas with a boiling point of -112°C. Ozone 
gas is unstable and will quickly be broken down to 
O^; the half-life of O^ is around 15 min. It is there¬ 
fore necessary to produce ozone on site. 

Ozone is produced by the corona method; air or 
pure oxygen gas is passed through a high-voltage 
electric field** (Fig. 10.3). This is actually the same 
process that occurs with lightning strikes during a 
thunderstorm, which explains the smell of ozone in 
these circumstances. Energy is added to the oxygen 
molecule and ozone is created: 30^ -t energy = 2 O 3 . 
An ozone generator (Fig. 10.4) can use either pure 
oxygen or air to produce ozone. If using air, for the 
highest cost-effectiveness, it must be as dry as pos¬ 
sible before entering the ozone generator. An air 
drier must therefore be used. If using air, the water 
may become supersaturated with nitrogen. Using 
pure oxygen to generate ozone is more expensive. 


High voltage electric 



Figure 10.3 In the corona method, ozone gas is created 
by allowing air or oxygen to flow through a high-voltage 
electric field. 

The best source of oxygen to use must be decided 
on a case by case basis. Use of air results in 0.5-3% 
ozone in the gas stream, whereas the corresponding 
values for oxygen are 1-6%.* Energy requirements 
for producing ozone are typically in the range 
3-30kWh/kg.*^** Only a small amount of the supplied 
energy (5-10%) is used for ozone production.’ 
Small quantities of ozone may also be produced 
by radiation of air or oxygen gas with UV light of 
specific wavelength; this is named photozone (see 
section 10 . 6 . 1 ). 


10.4.2 Mode of action 

Ozone is a very strong oxidizing agent, highly toxic 
to all forms of life. When dissolved in water it 
starts two reactions: slow direct oxidation of 
organic substances by O 3 and a chain reaction with 
formation of different free radicals (see section 
10.5.1). Ozone acts by damaging cell membranes 
and nucleic acids, breaking long-chain molecules 
into simpler forms that may be further degraded in 
the biological filter. This inactivates the microor¬ 
ganisms. Ozone has another effect that could be an 
advantage in aquaculture systems: by oxidation it 
reduces the amount of NH 3 , NO^, biological oxy¬ 
gen demand and biofilm on surfaces.** *’ This can 
be seen in water re-use systems where disinfection 
with ozone improves water quality and may it 
therefore be more beneficial than other disinfect¬ 
ants. Oxidation by ozone eliminates the yellow/ 
brown coloration of the water that builds up in an 
RAS with very high degrees of re-use. When using 
ozone as a disinfectant it is recommended that 
particles be removed from the water before the 
ozone is added, otherwise much of the ozone will 
be used to oxidize the particles. 
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(A) 


(B) 




Figure 10.4 (A) An ozone generator for production of ozone 
gas. (B) Ozone generator control panel. 



Figure 10.5 A venturi for adding 
ozone gas to water. 


10.4.3 Design specification 

When adding ozone gas to water a special injection 
system has to be used to ensure good gas-water 
mixing. The method is similar to those for mixing 
oxygen gas into water and use of a venturi is quite 


common (Fig. 10.5); 90% transfer of ozone has 
been achieved with a properly designed diffuser 
system.'* An ozone disinfection system therefore 
consists of a production system, a generator and an 
injection system. 
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Since there is a dose-time relation for ozone dis¬ 
infection, the ozone needs to be given sufficient 
time to function and oxidize the microorganisms. 
When designing an ozone disinfection plant, it is 
therefore necessary to include an injection system 
that introduces the ozone gas into the water and a 
system that allows sufficient retention time between 
the ozone and the water. A water retention tank is 
quite commonly used. Ozone is added to the water, 
which then enters the retention tank. This must be 
large enough to ensure a satisfactory contact time 
for the ozone to achieve disinfection. Alternatively, 
the ozone can be added at the beginning of the inlet 
pipe to the aquaculture plant. Because the water 
takes some time to reach the fish tanks, this might 
be sufficient to achieve satisfactory contact between 
ozone and the microorganisms. 

It is important that the residual concentration of 
ozone is above the value needed for disinfection. 
Before entering the fish production tank, however, 
the values must be below safe values for the fish. It 
might be necessary to install an ozone degasser 
before the water is sent to the fish, for instance a 
retention basin or a coal filter. 

10.4.4 Ozone dose 

To inactivate pathogens with ozone a dose-time 
relation applies, as for many other disinfectants. 
Either a high dose can be used for a short time, or 
vice versa. Overdosing must be avoided because 
this may kill the fish. 

Example 

Ozone is being used to inactivate the bacterium 
Vibrio anguillarum. The dose is set to 0.1 mg/L per 
min for a log disinfection of 3. This can be achieved 
by having a residual concentration of 0.1 mg/L after 
1 min working time or 0.05 mg/L after 2 min. 

Most pathogens are killed by an ozone dose of 
O.l-l.Omg/L and contact time of 1-10min, but this 
varies with the organism (for more information, see 
refs 7,9,13). 

The water quality will have large impact on the 
residual ozone concentration after a given time; fac¬ 
tors such as concentration of dissolved organics, 
particular organics, inorganic ions, pH and tempera¬ 
ture will affect the concentration.^’^ An increase in 
temperature results in a reduced lethal dose. 


Because of these variations it is important to add 
enough ozone to obtain a satisfactory residual con¬ 
centration to achieve disinfection. 

10.4.5 Special problems 

The great problem with ozone is that it is highly 
toxic for fish and humans. For fish, ozone is toxic 
even at relatively small concentrations, because it 
oxidizes the gill tissue. Recommended safe values 
for fish are generally below 0.002 mg/L, but there 
are large variations in tolerance.^'^ Therefore after 
adding ozone to the water and leaving it to react for 
the necessary time, any residual ozone must be 
removed or destroyed. An adequate retention time 
ensures that most of the ozone has reacted and the 
product is mainly oxygen gas (O^); this time is nor¬ 
mally much longer than that necessary to achieve 
satisfactory disinfection, but of course depends on 
the decomposition rate. The retention time must 
therefore be long enough for two processes: (1) to 
enable the ozone to destroy the microorganisms 
and (2) to remove residual ozone toxic to the fish. 
Non-toxic ozone concentrations are normally 
achieved after 10-20 min.This can be done either 
by increasing the size of the retention tank or by 
increasing the rate of ozone decomposition to oxy¬ 
gen; methods here include aeration of the retention 
tank, ozone removal by sending the water through a 
carbon filter, stripping of the water in a packed col¬ 
umn and addition of chemicals.^^ 

Ozone is also toxic to humans, even a very low con¬ 
centration in the air being harmful. In the USA, the 
maximum during an 8-hour work shift in an enclosed 
area is set to 0.1 mg/L; for 10 min exposure time the 
maximum level is 0.2mg/L.^ Humans can detect 
levels of 0.02-0.05 mg/L by smell, so when ozone is 
smelled the building must be evacuated immediately. 
The possibilities of ozone gas entering the air which 
humans breathe must therefore be minimized. Proper 
ventilation in the room where the ozone is produced 
and added is absolutely essential. In addition, there 
must be safety equipment to monitor the concentra¬ 
tion of ozone in the air continuously, and equipment 
that automatically turns off the ozone supply if the 
concentration rises above the recommended values; 
in addition, warning signals must be given (Fig. 10.6). 

Another problem with the use of ozone results 
from it being a very strong oxidizing agent. It is 
so effective that it will oxidize all materials with 
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Figure 10.6 Warning equipment must be used to avoid toxic ozone concentrations in the production rooms. 


which it comes into contact, whether as a gas or 
dissolved in water. Plastic and metals are examples 
of materials that ozone gas will try to oxidize. 
Ozone will destroy most plastics to various extents. 
Polypropylene pipes are recommended for trans¬ 
porting water with a high content of ozone. Ozone 
will oxidize metals, causing significant corrosion 
problems. Special additives must be used in fibreglass 
if it is to be used in retention tanks for ozonated 
water, for instance. 

When using ozone on sea water, care should be 
taken to avoid creating toxic bromide levels. 


10.4.6 Measuring ozone content 

Control of the content of ozone is essential; 
enough must be injected but overdosing avoided 
to prevent harm to the fish and to humans as a 
result of degassing of ozone to the air in an 
enclosed space. The ozone content of water can be 
measured either by a chemical method employing 
indigo trisulphonate or by using a probe for 
online measurement employing a potentiometric 
principle.However, online equipment is quite 
expensive. Measurement of the redox potential. 
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which changes with the amount of ozone in the water, 
is therefore quite commonly used instead. 


10.5 Advanced oxidation technology 

A number of relatively new methods have been intro¬ 
duced to improve the disinfection result and the over¬ 
all oxidation of substances in the water, and these are 
grouped under the general term advanced oxidation 
technology (AOT) or advanced oxidation processes 
(AOP).^'^^“The following sections describe how these 
methods work in more detail. A brief simplified 
review of redox potential is also given. This is also 
fundamental for understanding how ozone works. 

10.5.1 Redox potential 

The term ‘redox’ derives from a contraction of the 
words ‘reduction’ and ‘oxidation’. In chemical terms, 
matter that is oxidized releases electrons while mat¬ 
ter that is reduced takes up electrons. A volume of 
water may be either oxidative or reductive depend¬ 
ing on the physicochemical conditions and sub¬ 
stances in the water. The redox potential, also called 
the oxidation-reduction potential (ORP), reveals 
something about this relation and the potential for 
oxidation or reduction in the actual water volume. 
The redox potential or ORP is measured in milli¬ 
volts (mV). A positive redox indicates availability of 
oxidizing material in the water, typically organic 
matter (including microorganisms), while a negative 
redox indicates reducing conditions in the water. 

With regard to aquaculture water, it is important 
to remember that the redox potential indicates the 
availability of oxygen or another oxidation agent. 
In a traditional flow-through farm, there will always 
be a positive redox potential because the oxygen 
concentration is so high. However, in a pond where 
organic matter can be accumulated and decom¬ 
posed, there might be limited or no oxygen availa¬ 
ble and the redox potential can be low or even 
negative. Another example that illustrates the 
importance of the redox potential is the conditions 
in a biofilter; in a nitrification filter redox potential 
will be positive, while in a denitrification filter it wil 
be negative. 

Only by measuring the ORP can important infor¬ 
mation be gained about the conditions in the water. 
If there is a positive ORP, organic matter will be 


decomposed (oxidized) and the higher the poten¬ 
tial, the more and faster the oxidation. However, if 
the ORP is negative, there will normally be insuffi¬ 
cient oxygen concentration and anaerobic decom¬ 
position will occur. Gas production as hydrogen 
sulphide or methane/biogas may occur, which is 
unfavourable in aquaculture growing conditions. 

A simplified description of the mechanism of 
ORP in water is to compare the water with a bat¬ 
tlefield (described by ref. 21). The ORP indicates 
who is leading/winning the battle. On one side are 
the oxidizers and on the other the reducers. The 
oxidizers will try to take electrons from the enemy, 
the reducers, while the reducers want to get rid of 
the electrons, throwing them at the oxidizers. The 
main oxidizer in aquaculture water is oxygen - 
oxygen is like the foot soldier on the battlefield: a 
lot of them but not very effective. The real effective 
fighters, like the artillery, are the oxidizers with 
higher oxidation potential, such as ozone and 
hydroxyl radicals (see following section). These 
may also be termed free radicals. The reducers in 
aquaculture water are typically organic molecules, 
which normally are much larger molecules than the 
oxidizers. This means that a single molecule will 
occupy a lot of oxidizers. Other reducers include 
ammonia and iodide. The real effective reducers are 
the antioxidants like vitamin E (fish feed contains a 
number of them). The typical reducers in aquacul¬ 
ture come from uneaten fish food, dead organisms 
and fish waste. When they are released into the 
water, they are typically waiting for an attack from 
the oxidizers. 

Measurements of redox or ORP are simply a 
measure of the ‘oxidizing’ power of the water, i.e. 
addition of more free radicals (e.g. hydroxyl) 
increases the ORP while addition of more organic 
matter or antioxidants reduces the ORP. The ORP 
scale runs from 1200 positive to 1200 negative 
(high and low values are only theoretical) and 
the unit is millivolts. The scale, like the pH scale, 
is logarithmic (actually measuring the negative 
logarithm of electron activity), indicating that loga¬ 
rithmic changes in electron activity are required to 
effect a change on the positive or negative side. 
Also important is that the redox value may depend 
on the pH value of the water, but this relationship 
is determined by the redox reactions occurring and 
these can be quite difficult to describe. The term rH 
may be used for this correction but is not further 
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described here (for further details, see www.sentek. 
co.uk/redther.html). 

So what are the typical redox values in water and 
what should they be in aquaculture? Typical ORP 
values in municipal tap water are in the range 200- 
400. For surface waters it is a bit lower; surface sea 
water ORP typically ranges from 100 to 200. Deeper 
down in the sea or in lakes it may be highly reduced 
and it might be negative in oxygen depletion zones, 
down to below -300 mV. If ORP is high enough, 
above 600 mV, organic matter will be highly oxi¬ 
dized. This also includes destruction of microorgan¬ 
isms, and the higher the ORP, the shorter the time 
needed for inactivation. At 700 mV the water is 
considered sterile. If ORP becomes high, above 
500-600 mV, it may be toxic for the fish, it oxidizes 
all organic matter including surfaces of the fish, like 
the gill surfaces. For aquaculture use, a positive 
ORP is best, typical values ranging from 100 to 300. 
This allows aerobic decomposition of organic 
matter. Low or negative ORP values will result in 
anaerobic decomposition of organic matter. 

10.5.2 Methods utilizing AOT 

The major object of AOT methods is to create what 
is called a free radical. A free radical is a substance 
with high oxidation potential, meaning that it has 
great capacity to oxidize other substances. An 
example is the hydroxyl radical ('OH).The hydroxyl 
radical has a higher oxidation potential (i.e. poten¬ 
tial to oxidize other substances) than ozone, and is 
one of the strongest known oxidation agents 
(Table 10.1). What characterizes a free radical is 
that it has an unpaired electron in the outer elec¬ 
tron shell. Because electrons occur in pairs, the free 
radical takes an electron from another substance to 
form an electron pair, thus stabilizing itself. This is 
also the reason for the oxidation potential. An 
advantage of using free hydroxyl radicals for oxida¬ 
tion will be the fast reaction, since these short-lived 
radicals exist for only a few milliseconds. Hydroxyl 
radical must not be confused with hydroxyl ion: the 
ion has a permanent charge but this is not the case 
with the hydroxyl radical. 

The hydroxyl radical oxidizes all organic matter 
including microorganisms.^^’^'* In simple terms, the 
radical steals a hydrogen atom from the organic 
matter and starts a chain reaction whereby the 
radical becomes a water molecule. Because of this 


Table 10.1 Oxidation potentiai for some seiected 
oxidizing agents. 


Oxidizing agent 

Electrochemical 
oxidation potential (V) 

Fluorine (F^) 

3.06 

Hydroxyl radical (‘OH) 

2.80 

Oxygen (atomic) (O) 

2.42 

Ozone (O 3 ) 

2.08 

Hydrogen peroxide (H^O^) 

1.78 

Hypochlorite (CIO") 

1.49 

Chlorine (Cl) 

1.36 

Chlorine dioxide (CIO^) 

1.27 

Oxygen (molecular) (O^) 

1.23 


Source: after Tchobanoglous et al?^ 


reaction there will be a reduction in chemical 
oxygen demand and total organic carbon. In other 
words, the organic matter is broken down and the 
velocity of this reaction is faster with hydroxyl radi¬ 
cals than with ozone (i.e. hydroxyl radicals have a 
higher oxidation potential). The end products after 
complete oxidation are CO^, water and inorganic 
salts. The process may also be called mineralization, 
because the organic matter is broken down to its 
inorganic chemical components. However, com¬ 
plete oxidation is not normally performed; organic 
substances are only partially decomposed but suffi¬ 
ciently to inactivate microorganisms. Hydroxyl 
radicals destroy microorganisms non-selectively. 
Some inorganic substances like ammonium will 
also be oxidized, reducing the total ammonia nitro¬ 
gen in aquaculture re-use systems. 

However, such process may be inhibited if the 
concentration of what may be called radical scav¬ 
engers is high. Effective radical scavengers include 
for instance the group of substances known as 
antioxidants. These are substances that have the 
ability to donate electrons and in this way inacti¬ 
vate the free radicals. 

A number of methods can be used to create free 
hydroxyl radicals and typically include a combina¬ 
tion of oxidation/disinfection methods. These 
methods can be classified into pure chemical AOP 
and photochemical AOP, the latter including UV 
light.Commonly described methods for water 
treatment include the combination of ozone and 
hydrogen peroxide and UV light and hydrogen 
peroxide. A combination of all three may also be 
used, with a catalyst to enhance the reaction. An 
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example of a photochemical or photocatalytic 
process is the combination of UV and titanium 
oxide (TiOj) and of a photo-Fenton reaction the 
combination of iron, hydrogen peroxide and light^'’’^’ 
AOP are used, for example, in ballast water treat¬ 
ment to avoid local contamination when releasing 
ballast water3® 

Photocatalytic processes may also be classified 
into heterogeneous photocatalysts, such as solid 
semiconductors like TiO^, or homogeneous photo¬ 
catalysts, where the dissolved radicals in solution 
catalyse reactions such as the photo-Fenton reac¬ 
tion. Fenton’s reaction is a reaction between Fe(n) 
and hydrogen peroxide that creates hydroxyl radi¬ 
cals. The problem with using this method in aqua¬ 
culture is the low pH required (<3) to keep the 
iron in solution and prevent its precipitation. In 
photocatalytic reactions invoving TiO^ and UV, 
the TiOj may either be in suspension or fixed to a 
carrier material. The latter is most common because 
it utilizes a fixed surface, while reactions in suspen¬ 
sion require a collection tank and a re-use system 
for the suspended TiO^. This may also be combined 
with membrane filtration to prevent suspended 
particles following the water flow. When utilizing 
UV and a TiO^ surface, the UV light emits photons 
containing energy that hit the TiO^ surface and 
this results in the release of a free radical from 
the surface. 

Fouling on UV light surfaces may be a problem, 
so a test of the actual solution should be carried 
out; if a problem is apparent, pretreatment may 
be performed using an ion exchanger or other 
method. Use of low-pressure UV lamps can be an 
advantage, since a low-temperature lamp prevents 
decomposition of organic substances on the sur¬ 
face. On the TiOj surface, chemical reactions will 
inhibit fouling. Sunlight provides similar effects 
to UV light, but is more difficult to control and 
to optimize. 

An advantage with methods utilizing TiO^ and 
UV light is that they do not release toxic bromates,^® 
which is a problem when using ozone and sea water 
in aquaculture. The methods may also be used for 
removal of geosmin and MIB, substances that typi¬ 
cally create the muddy taste of fish raised in RAS 
plants with high degrees of re-use. 

AOT also involves other techniques like cavita¬ 
tion, which is the formation of microbubbles that 
implode, generating very high local temperatures 


and pressures and the production of reactive radi¬ 
cals such as 'OH and H". 

10.6 Other disinfection methods 

10.6.1 Photozone 

Using photozone gas for water treatment is similar to 
the use of ozone gas. If air is blown through a UV light 
chamber, photozone will be produced. The UV wave¬ 
length should be less than 200nm. Photozone includes 
the following substances: ozone, atomic oxygen, 
hydrogen peroxide and hydrogen dioxide. All these 
substances are oxidants and in water are strong disin¬ 
fectants. Concentrations of these oxidizing substances 
must be below toxic levels when the water reaches the 
fish. Use of photozone is not common, but it could be 
employed where water requirements are small, such 
as for disinfecting the water supply to hatcheries. 

10.6.2 Heat treatment 

All microorganisms can be destroyed if the water is 
heated and the high temperature maintained for a 
certain period of time. The necessary water temper¬ 
ature and contact time with hot water depend on the 
organism and must be determined by experiment. 
However, heating of water is an expensive disinfec¬ 
tion method. The high costs of heating water (see 
Chapter 11) mean that the water or the heat must be 
re-used, for instance by installing heat exchangers. 

It is not necessary to boil the water (100 °C) to 
inactivate microorganisms. The temperature and 
time needed vary depending on the specific micro¬ 
organism. A large number of microorganisms will 
be inactivated at temperatures of 60-80 °C if the 
retention time is correctly chosen. The water must 
of course be chilled again before it reaches the fish. 

Heat or steam is commonly used for disinfecting 
boots, nets, tanks, pumps and other equipment. 

10.6.3 Chlorine 

Chlorine is a very effective disinfectant for water 
and the most common method used for disinfection 
of municipal drinking water worldwide. It is nor¬ 
mally obtained by adding liquid sodium hypochlo¬ 
rite (NaOCl) to water, but solid calcium hypochlorite 
(Ca(OCl) 2 ) mixed into the water or pure chlorine 
gas (Cl^) may also be used.^'* All these compounds 



132 


Aquaculture Engineering 


are strong oxidizing agents and have the ability to 
break down organic molecules. 

As for ozone, a specific contact time is required to 
achieve the necessary effect. This includes time for 
dissociation in water, time for diffusion through 
cell walls and time to inactivate selected enzymes. 
Chlorine concentrations of 0.2-0.5mg/L with 
20-30 min contact time or 3-5 mg/L for 1-5 min have 
been reported.^°To kill parasites in wastewater, typi¬ 
cal values of free residual chlorine concentration of 
1-3 mg/L with a contact time of 10-15 min have been 
reported.^^ As for ozone, the residual concentration 
after a certain retention time is also of interest, and 
overdosing must be avoided. As an example the 
minimum residual concentration of chlorine in the 
drinking water supply in Norway is 0.02 mg/L after 
30 min contact time. 

Methods for achieving this contact time are as for 
ozone: use of a retention tank, or adding it at the 
start of the transfer pipe, so that a natural retention 
time is achieved while the water is flowing through 
the pipeline. However, a higher retention time is 
needed for chlorine than for ozone. 

Water containing free chlorine is very toxic for 
fish. Concentrations of chlorine should not exceed 
3-5pg/L, although for shorter periods of up to 
30 min concentrations up to 0.05 mg/L can be toler¬ 
ated by most species.^^ When disinfecting a tank or 
other equipment with chlorine, it is important that 
sufficient clean water is used to wash away the chlo¬ 
rine residues produced. Therefore chlorine is not 
normally used for disinfection of inlet water for 
aquaculture facilities. If chlorine is to be used, a 
method for dechlorination must also be included, 
for instance aeration, UV light, activated carbon, 
or reducing agents such as Na^S^O^ or Na^SO^.^^ 
However, this will be a suboptimal method for fish 
farming purposes because of the costs. 

Effluent water could be disinfected with chlorine, 
but here also it may be necessary to dechlorinate 
before discharge to the recipient water body 
because chlorine might be toxic for the fish it con¬ 
tains. If effluent with a high content of chlorine 
were to be discharged into recipients with high con¬ 
tent of organic substances, chlorinated organic sub¬ 
stances might be created: trihalomethanes (THMs) 
are found in drinking water which has been disin¬ 
fected by chlorination; chloroform is the most com¬ 
mon THM and its presence is well correlated with 
the dosage of chlorine. 


10.6.4 Changing the pH 

Increasing or decreasing the pH may also be used 
for disinfections of water. The pH can be increased 
by adding lye, or decreased by adding some kind of 
acid. This is unsatisfactory, however, because the 
pH has to be normalized again regardless of 
whether the water is going to be used on the fish 
farm or whether it is the outlet water sent to the 
recipient water body. This method is sometimes 
used for treatment of purified process water and 
bleeding water from fish slaughter houses and fish 
processing plants. 

10.6.5 Natural methods: ground filtration 
or constructed wetland 

On-site methods such as ground filtration and con¬ 
structed wetlands may also be used for inactivation 
of microorganisms (see Chapters 6 and 15). Put sim¬ 
ply, naturally occurring microorganisms in the on¬ 
site systems destroy the pathogenic microorganisms 
in the water.^^’^'* It is important to have adequate 
residence time in the systems to ensure that patho¬ 
genic microorganisms are destroyed. 

10.6.6 Membrane filtration 

If membrane filters are to be used, pore size must 
be below 1 nm to cause rejection of microorganisms. 
However, the major aim when using a membrane 
filter is not to stop microrganisms but to remove 
impurities. Membrane filtration is therefore 
described in more detail in Chapter 8. 
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11.1 Introduction 

In aquaculture, heating of the water may be necessary 
for several reasons, for example to increase the growth 
rate, to help the fish reach a specific size at a certain 
time, to get them to mature or to spawn. Different 
species have different optimal temperatures; if the 
ambient water temperature is cooler than the optimal 
temperature, it can be useful to heat the water. 

The principles used for heating in aquaculture 
are normally the same as those used in houses or 
industrial facilities; however, systems used in aqua¬ 
culture facilities must heat large amounts of water 
and therefore be efficient. Important factors when 
choosing a system are the total heating requirements 
and the necessary temperature increase. In this 
chapter a survey of methods and equipment is given. 
It starts with some basic physical laws and ends with 
some simple specifications and calculated examples. 

Instead of purchasing all the heat necessary, 
it could be taken from other available sources, such as 
geothermic water, or the water could be re-used. For 
species needing much warmer water than is available 
from source, both these methods could be used. 

In some cases it is necessary to chill the water, for 
instance in connection with storing the broodstock, 
helping the fish to mature, and storing eggs and fry. 
Heating and chilling both involve energy transfer. 
When heating water, energy is added to the system, 
while chilling removes energy from the system. 
In this chapter the focus is on heating systems used 
for aquaculture; much of the basic information 
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applies to both heating and cooling. A great deal of 
general engineering literature is available on this 
subject and also on basic thermodynamics (see, for 
example, refs 1-6). 

11.2 Heating requires energy 

A supply of energy is needed to heat water. Energy 
can be transferred in three different ways: by 
radiation, by conduction or by convection, and also 
by phase transfer. Electromagnetic radiation from 
the sun or an electric heater, for example, will be 
partly absorbed when it falls on a substance and 
becomes internal energy. With conduction, the energy 
is transferred between solids or liquids as vibrational 
energy of the atoms or molecules. Additionally, in 
materials with a supply of‘free’ electrons (e.g. metals), 
these electrons share in any energy gain resulting 
from a temperature rise and their velocities increase 
more than those of atoms or molecules, so energy is 
quickly transferred to other parts. For example, when 
the end of an iron bar is heated, the energy will be 
transferred to the whole bar and after a short while it 
will be hot along its entire length. Convection is heat 
transfer resulting from mixing of substances with 
different temperatures. Convection can be natural or 
forced. Natural convection occurs in water as a result 
of density variation caused by temperature. Water is 
of maximum density at 4°C. If heated water is sent in 
below colder water it will move upwards because it is 
less dense and natural convection will take place. 
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Forced convection occurs when a medium such as 
water is exposed to an exterior force, for instance 
a pump or mixer. Phase transfer occurs when a 
substance changes phase, for instance from liquid to 
gas. This state transfer requires a lot of energy and 
the amount of latent heat is greatly increased when 
changing phase. Thus by changing the phase from gas 
to liquid, a lot of energy will be released. 

The power {P) required for heating water is 
proportional to the flow and the temperature, and 
is given by the equation: 

P = mc^dt 

where m represents water flow (kg/s), specific 
heat capacity (kJ/kg per °C) and dt temperature 
increase for the water (°C). The specific heat capa¬ 
city is the amount of energy required to heat 1 kg 
water by 1°C: Cp = 4.18kJ/kg per °C for fresh water 
and 4.0kJ/kg per °C for sea water. The temperature 
increase for the water is the difference between 
inlet and outlet temperatures. 

A continuous power supply is required to heat 
the flowing water; the unit of power is normally the 
kilowatt (kW) where lkW = l kilojoule (kJ) per 
second. Therefore, it can be seen that power is rate 
of energy transfer. 

Example 

A freshwater flow ofl 0 L/min (0.17 L/s) is heated from 
its original temperature of2°C to 10°C. What is the rate 
of energy transfer to the water, i.e. the power supplied? 

P = mc^dt 

The mass of 1L of water is 1 kg. 

P = 0.17 kg/sx 4.18 kJ/(kg°C) x (10°C - 2°C) 

P = 5.1 kJ/s=5.7kW 

The total amount of energy that has to supplied 
during a given period or that has been used during 
a given period can be calculated from the power 
supplied multiplied by the time for which this power 
is used. 

Q=Pt 

where Q represents total amount of energy (kilo¬ 
watt-hour, kWh), P power (kW) and t time over 
which heating takes place (h). If this is compared to 
flowing water, the power (kW or kJ/s) corresponds 
to water flow rate (L/s), while the total energy 
consumed corresponds to the total amount of water 



Figure 11.1 Heating of water that is in gas equiiibrium 
with the surrounding air (100% saturation) wiii resuit in 
supersaturation with gases that are harmfui to the fish. 

which has flowed past a certain point during a given 
period of time. 

It is the energy consumed (Q) that is paid for, be 
it electricity, oil or another energy source. Electricity 
is charged per kilowatt-hour consumed and oil is 
sold by volume. The power (P) gives the energy 
rating of the heating equipment. 

Example 

Calculate the daily cost of heating the water in the 
previous example. The price of electricity is €0.13/kWh. 

Q=Pt 

Q=5.7kWx24h 
Q= 136.8 kWh 

Therefore the cost is 136.8 kWh x €0.13/kWh = €17.78. 

When the water is heated it must always be 
aerated before it is used on fish because it may 
become supersaturated with gas. When the water 
temperature increases, the amount of dissolved gas 
is reduced. If there was equilibrium between the 
gases in the water and the surrounding air before the 
water was heated, the water will be supersaturated 
with these gases afterwards (Fig. Il.l). Nitrogen 
levels will be harmful (see Chapter 12). It is very 
important to be aware of this, because it means that 
water containing fish must not be heated directly. 

11.3 Methods for heating water 

Several methods are used for heating water, either 
directly or indirectly. The latter requires available 
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sources of hot water that can be used to meet all or 
part of the heating requirements. When using direct 
methods, all necessary energy must be added to the 
water. Electricity, oil or gas are the usual sources of 
energy for direct heating of water. 

It is better, however, if other available energy 
sources can be used to meet part or all of the energy 
requirement. These can be separated into low 
and high temperature sources. High temperature 
sources can be used to meet the entire need for 
heating, if the amounts are large enough, as they are 
much hotter than the required final temperature. 
Hot industrial effluent water or geothermal water 
are examples of such sources. 

Low temperature sources are hotter than the 
raw water to be heated but their temperature is 
insufficient to meet total energy needs. The source 
can therefore be used as a part supply to the total 
water heating requirements. Sea water or ground- 
water are examples of sources that can be used to 
meet part of the energy needs; industrial effluent 
water can also be included in this category. 

Whether industrial effluent water or geothermal 
water can be used directly for the fish, or whether 
heat exchange is necessary, depends on its quality. 
Normally it is necessary to use a heat exchanger, 
because the quality of industrial effluent water is not 
continuously good enough for direct use as growing 
water for the fish. Low temperature sources are also 
suitable for use with heat pumps (see section 11.6). 

When supplying energy to heat water, it must be 
utilized as efficiently as possible. Recovery of energy 
from the outlet water is therefore common, either 
by direct or indirect systems. Re-use systems are 
direct, with the water being wholly used again, while 
heat exchangers, where only the energy is re-used, 
represent indirect systems, ft is not possible to 
recover all the energy added by using heat exchang¬ 
ers. Even if it were theoretically possible, it is not 
cost-effective because the heat exchanger would 
need to be very large and expensive. 

11.4 Heaters 

11.4.1 Immersion heaters 

An immersion heater is an electrical element (heat 
element) placed in the water (Fig. 11.2). Electricity is 
supplied to the element, which heats up. The basic 
principle is the same as that used in a heater in a 
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/ 

Electric power 



Figure 11.2 An electric immersion heater. 


house: the electricity passes through a thin resistant 
filament where heat develops. It is important that 
the element is sealed to avoid a short circuit; 
therefore it is typically placed in a tube. When water 
passes the heated element, energy is transferred 
from the element to the water, the temperature of 
which increases. Normally a thermostat is attached 
to the heater so that heat is transferred until the 
water reaches a set temperature, at which point 
the electricity supply is automatically/switched off; 
when the temperature drops below this value, the 
electricity to the element is automatically switched 
on. When using an electric heater almost all of the 
electric energy supplied is transferred to the water. 
For greatest efficiency when heating requirements 
vary, it is an advantage to have several elements 
in the heater. In addition to a thermostat, the heater 
is normally equipped with a system to avoid 
overheating, for instance when the water flow is 
reduced or stops. An immersion heater must be 
correctly installed. There must be no possibility for 
air pockets inside the heater, because the element 
may overheat in such places. It is important to choose 
correct materials for the heating element to avoid 




















Heating and Cooling 


137 


corrosion resulting in an electrical short circuit. 
Materials used are acid-proof steel or stainless steel, 
depending on the quality and composition of the 
water to be heated. 

The size of heater depends on the energy require¬ 
ments. For large water flows or temperature gradients, 
large heaters are necessary; these consume much elec¬ 
tricity as can be inferred from the high cross-sectional 
area of the wires connected to the heater. 

Example 

The ambient water temperature is 3°C while that in 
the hatchery is 8°C. The hatchery water flow is 60 L/ 
min (1 L/s). Find the size of the heater needed to 
achieve the required temperature increase. 

P = mCpdt 

F=lx4.18x(8-3) 

F = 20.9kW 

The necessary size of the heater is 20.9kW. The 
heater is ordered from a supplier and adjusted as 
required. 

Example 

On a land-based freshwater production farm the 
supply of energy necessary to increase the water tem¬ 
perature to at least 12°C throughout the year must be 
calculated. Water consumption is 2 m2/min (33.3 E/s). 
The incoming fresh water has the following ambient 
average monthly temperatures'. 


Month 

Ambient water temp. 
(°C) 

Temp, increase 
(°Q 

January 

2 

10 

February 

2 

10 

March 

3 

9 

April 

4 

8 

May 

8 

4 

June 

12 

0 

July 

14 

0 

August 

14 

0 

September 

12 

0 

October 

10 

2 

November 

6 

6 

December 

3 

9 


In the months January, February, March, April, May, 
October, November and December the temperature 
is so low that it is necessary to heat the water. 


Amount of energy required for January is 
P = mCpdt 

F = 33.3x4.18x(12-2) 

P = 1392kW 

The energy needed for the whole month is 

Q = Px number of hours x number of days 
Q= 1392x24/1x31 days 
0 = 1035648 kWh 

This calculation is repeated for the other months 
giving the following values'. 


Month 

Power 

(kW) 

Total electricity consumption 
per month (kWh) 

January 

1392 

1 035 648 

February 

1392 

935 424 

March 

1253 

932 232 

April 

1114 

802 080 

May 

557 

414241 

June 

0 

0 

July 

0 

0 

August 

0 

0 

September 

0 

0 

October 

278 

206 832 

November 

835 

601 200 

December 

1253 

932 232 

Total 


5 859 889 


If the price of the electricity is €0.I3/kWh, the yearly 
cost for heating the water with an immersion heater is 

5 859 889x0.13 =€761786 

As this example shows, the cost of heating water for 
fishfarming is very high because of the large amount 
of water. This is also the reason for the great interest 
in alternative hot water sources and recovery of 
energy from the outlet water. 

11.4.2 Oil and gas burners 

When oil burns a great deal of energy is released, 
and in an oil burner this energy is used to heat 
water. The amount of energy released when burning 
1L oil depends on the characteristics and quality of 
the oil; a typical value is 41 800kJ/kg. Letting the oil 
burn in a combustion chamber around which water 
flows ensures transfer of energy from the burning 
oil to the water (Fig. 11.3). To keep the oil burning, 
air must be supplied to the combustion chamber 
and a chimney is necessary to get rid of the flue gas. 
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Figure 11.3 An oil-fired boiler. 

There will always be energy losses in an oil-fired 
boiler from the flue gas and due to incomplete 
burning and incomplete transfer of heat to the 
water. Depending on the system, oil-fired boilers 
are usually between 60 and 90% efficient. A shunt 
valve may be used to regulate the temperature of 
the water flowing out from an oil-fired boiler. 

Instead of oil, gas can be used as an energy source. 
Combustion of gas, typically propane or natural gas, 
releases a lot of energy. The construction of a gas- 
fired system is similar to that for an oil-fired system, 
with a combustion chamber around which the water 
circulates. However, the gas-fired boiler is slightly 
simpler to construct, because gas is more flammable 
than oil. Normally gas-fired appliances are slightly 
more efficient than oil-fired boilers. 


11.5 Heat exchangers 

11.5.1 Why use heat exchangers? 

A heat exchanger is used to transfer energy from 
one medium to another and to achieve this a temper¬ 
ature gradient is necessary. Energy transfer can take 
place via direct contact between the two media, 
or indirectly where the media are separated by a 
barrier. In indirect exchangers the heat must be 
transferred through this barrier. 

An illustration of the direct method is as follows. 
Water is fed in at the top of a tower where is it 
spread on a perforated plate; it falls through as 
drops which pass through the air into a basin placed 
below. The water drops have a large surface area 
exposed to the surrounding air; if this is warm, 
energy will be transferred from the air into the 
drops and the water will be heated. The indirect 
method is illustrated by having water of different 
temperatures separated by a thin metal plate. 
Energy will be transferred through the plate from 
the warm side to the cold side because of the tem¬ 
perature gradient until the temperature on both 
sides is the same. This method is the main one used 
in fish farming. 

Heat exchangers can be used for both heating 
and chilling. In heat pumps and refrigeration plants, 
heat exchangers are used in form of evaporators 
and condensers (see sections 11.6 and 11.8). Heat 
exchangers may also be air to air, as in ventilation 
systems in houses, or air to water as in air coolers. 

Heat exchangers can be used to recover energy 
from the outlet water; for example, recovering the 
energy from hot industrial effluent water and using 
it to heat the water supply to a fish farm. Heat 
exchangers are also commonly used to recover the 
energy from the outlet water from the fish farm and 
transfer it to the inlet water. Sea water may also be 
used as a heat source on one side of the heat 
exchanger, to supply part of the heat energy needed 
to the inlet water supply to a freshwater fish farm. 


11.5.2 How is the heat transferred? 

The energy transfer in a heat exchanger having 
liquid on both sides of a metal plate occurs in three 
stages (Fig. 11.4): 

(1) Transfer of heat from the liquid with the highest 
temperature to the fixed material, the plate 
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Figure 11.4 In a heat exchanger the heat is transferred 
from the hot to the cold side. 

(2) Transfer of heat through the fixed material 

(3) Transfer of heat from the fixed material to the 
liquid of lower temperature. 

Transfer of heat from the liquid to the fixed material 
is normally via convection and conduction. Close to 
the fixed material there will be a layer with laminar 
flow through which heat is transferred by conduction 
more slowly than for convection. It is advantageous 
to reduce the thickness of the laminar layer and, to 
improve convection, have turbulent conditions in 
the flowing liquids. Heat transfer through the fixed 
material is by conduction; a material with good 
conductivity (e.g. metal) improves this. Conduction 
and convection cause heat transfer into the liquid 
on the other side of the fixed material. 

11.5.3 Factors affecting heat transfer 

The rate of energy transfer (P) of the heat exchanger 
depends on the temperature difference between the 
media, the thermal conductivity of the material in the 
heat exchanger and the area over which the energy is 
transferred, and can be calculated from the equation: 

P = kA LMTD 

where k represents heat transfer coefficient (W/m^ 
per °C), A heat transfer area (m^) and LMTD log 
mean temperature difference (°C). The value of 
k gives the quantity of energy transferred per 
square metre surface area and degree temperature 
difference. Various factors affect k', in practice, 
values of up to 8kW/m^ per °C are achieved, k can 
be calculated from the following equation: 


k 


1 1 L 

— + — + ^ + R 


a. 


a. 


A 


£ 


Here, and are the heat transfer coefficients on 
each side of the material in the heat exchanger. 
They give the quantity of energy transferred from 
a liquid or gas to or from unit area of a fixed mate¬ 
rial and per degree temperature difference. The 
values depend on the conditions for convection 
and conduction and can be improved by optimizing 
operational conditions, for instance by creating 
more turbulence. 

is the thickness of the material that separates 
the two flowing media; increasing will decrease k 
because the heat must be transported a greater 
distance through the fixed material. Use of a thin 
fixed material results in a low k value. 

k is the heat conductivity factor for the material; 
steel and other metals have a high factor, while 
glass and plastics have a lower factor. This is why 
metal with high conductivity is used in the heat 
transfer plates/pipes. 

is the fouling factor, which gives the amount 
of fouling on the material of the heat transfer 
plates. Fouling reduces k, and therefore the rate of 
energy transfer will be reduced. High turbulence 
close to the surface of the heat transfer plates 
will reduce the amount of fouling, in addition to 
improving and a^. Cleaning of the exchange 
surfaces will also reduce fouling (i?j).The reduction 
in k is because the conductivity of the layer of 
fouling is low and the thickness of the transfer 
material is increased. 

Manufacturers of heat exchangers normally give 
kA as a single value. This is because each manufac¬ 
turer will have their own design for the heat transfer 
area to create optimum flow with turbulence; in 
order to improve conditions for turbulence and 
increase the heat transfer area, various patterns are 
used on the exchange surface, including grooves 
and corrugations. 

The temperature gradient between the warm 
and the cold side in the exchanger (Fig. 11.5) 
ensures energy transfer. It is expressed as the 
LMTD. A logarithmic expression is used because 
temperature equalization between the media 
through the exchanger may not be linear. LMTD 
can be calculated from the following equation: 


LMTD = 


\n{KTJ KT) 
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Length 


Figure 11.5 Log mean temperature difference (LMTD) 
represents the mean temperature difference between 
the warm and coid side in a heat exchanger, it is this 
gradient that ensures heat transfer. 

where represents (hot water)(heated 
water) and represents (cooled water) 
(water to be heated). If the amount of water and the 
heat exchange area are the same on both sides of 
the heat exchanger, Arj = A7'2 = LMTD. LMTD will 
vary depending on whether it is a parallel-flow or 
counter-flow exchanger (see sections 11.5.4 and 
11.5.6). 

11.5.4 Important parameters when calculating 
the size of heat exchangers 

Number of transfer units 

Number of transfer units indicates how much 
energy can be transferred per unit LMTD. Indirectly, 
it gives an idea of what the exchanger will look like, 
its size, etc. The following calculation can be used to 
find the NTU of the exchanger: 

NTU = (f,„-u)/LMTD 

where NTU represents number of transfer units, 
temperature of water flowing into the exchanger 
and temperature of water flowing out of the 
exchanger. 

Example 

Calculate the NTU for the warm side in a heat 
exchanger, i.e. the side where the hot water is 
chilled. Water flows into the exchanger at 1000 E/ 
min at a temperature of 10°C and out at 4°C; the 
LMTD is 1.5°C. 


NTU = (10-4)/1.5=4 

The NTU can be calculated for both the warm and 
cold side of the exchanger. Depending on the flow 
conditions and the transfer area, it could be the 
same (if the flow and heat transfer area are the 
same on both sides of the exchanger). 

In a plate exchanger, described in section 11.5.5, 
the NTU is seldom above 5, or the plates will be 
unreasonably large. If the LMTD is estimated and 
the NTU known, the highest possible out 
temperature that can be reached can be calculated. 
If NTU is above 5, heat exchangers can be con¬ 
nected in series, or several-stroke exchangers can 
be used. 

The design of the heat exchange surface area 
varies. A closed design results in a large NTU with 
good heat transfer but a high head loss, whereas a 
more open design results in a lower NTU. 

Specific pressure drop 

The pressure drop in the liquid flowing through 
the exchanger is necessary to achieve heat trans¬ 
fer. If a high head loss through the exchanger is 
accepted, the size of the exchanger can be reduced. 
Higher pressure creates more turbulence and 
improved contact between the exchange plates, 
but a higher input pressure to the exchanger is 
necessary. 

The specific pressure drop (/) for a heat exchanger 
gives the pressure loss for every transfer unit, and 
can be represented by the following equation: 


where / represents specific pressure drop and AP 
total head loss through the exchanger. 

The economic optimum head loss through the 
heat exchanger varies depending on the situation 
and has to be calculated in every case. Normally it 
lies in the range 2-10 mH^O per NTU for exchangers 
used in fish farming. When looking at the different 
areas where exchangers are used, the following 
approximate specific pressure drop per transfer unit 
can be used as a base to start a simulation process to 
optimize the size of a plate heat exchanger: 

• Seawater exchanger, 5-10 mH^O 

• Outlet water exchanger, 10-12 mH^O 
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Figure 11.6 If the log mean temperature difference 
(LMTD) is smali, the size of the heat transfer area must 
be increased. 

• Evaporator in a heat pump, 3 mH^O 

• Condenser in a heat pump, 4 mH^O. 

Other important measurements 

The maximum pressure (design pressure) in heat 
exchangers used in fish farming is normally in 
the range 1-2 MPa or 10-20 mH^O. Usually, plate 
exchangers have up to 2000 m^ of exchange surface 
area and the water flow can be 1000 L/s or more. 

Exchanger price of course depends on size: a large 
exchanger will cost more than a small one. If higher 
head loss can be accepted, the size of the exchanger 
can be reduced. Also the size of the LMTD is of great 
importance. If a small LMTD is needed, the size of 
the exchanger will increase (Fig. 11.6). 

When installing a heat exchanger, the energy 
profit must therefore always be evaluated 
against the price of the exchanger. To have a low 
LMTD is normally very costly. The necessary 
transfer area, or size of the exchanger, increases 
when the LMTD is reduced. Suppliers of equipment 
normally have their own programs to simulate the 
temperature of water discharged (their own kA 
values) to optimize the size of their exchangers. 

11.5.5 Types of heat exehanger 

When designing a heat exchanger the aim is to 
create a large area where exchange of energy 
between the two media can take place. Two types of 
heat exchangers are common in fish farming: plate, 
and shell and tube exchangers. 


Plate exchangers 

A common plate exchanger consists of the following 
components: a rack, two end-plates with pipe con¬ 
nections in one or both sides, the heat transfer 
plates, and gaskets that are used between the plates 
to avoid leakage (Fig. 11.7). In plate exchangers that 
cannot be dismantled, it is possible to omit the 
gaskets and braze or solder the plates together 
instead. The two media flow into the exchanger at 
one end; the hot and cold water flow in two sepa¬ 
rate circuits divided by the heat transfer plates. Hot 
and cold water will flow in parallel in the opposite 
direction throughout the whole length of the 
exchanger, assuming the counter-current principle 
is used as is usual. The size of the energy transfer 
area can be changed by adding and removing heat 
transfer plates as long as there is sufficient space in 
the rack. The exchanger can be opened to add or 
remove plates and for cleaning unless the parts are 
brazed together. The former type is normally used 
in fish farming because they are easy to open for 
cleaning and removal of fouling. The latter type can 
be used as evaporators and condensers in a heat 
pump, or in places where both the flowing liquids 
are pure and fouling of the heat transfer surfaces 
does not occur. 

Some kind of corrugation on the heat transfer 
plates is normal (Fig. 11.7). This increases the area 
where heat transfer occurs and hence the NTU. 
In addition the corrugation will increase the 
turbulence and because of this improve the heat 
transfer, so increasing the value of k. The gasket 
between the plates that inhibits leakage is either 
glued or clipped to the plates and made of a resistant 
rubber material. 

To increase the heat transfer area, several heat 
exchangers can be connected in series, one after 
another. The alternative is to use the so-called ‘sev¬ 
eral-stroke’ exchanger. Normally an exchanger has 
one stroke, but by adding dense plates in the mid¬ 
dle where the direction of the water flow is changed, 
a several-stroke exchanger is achieved (Fig. 11.8). 
The result is the same as adding two exchangers in 
series, but only one rack is used. Whether a plate 
exchanger is a one-stroke or several-stroke type 
can easily be seen from the connection points. 
A one-stroke exchanger has all pipe connections 
on one side (to one of the end-plates), while 
several-stroke exchangers have pipe connections 





Figure 11.7 A typical plate heat exchanger consists of a rack, two end-piates with pipe connections, heat transfer 
piates and gaskets between the piates to avoid ieakage. (A) An exchanger in situ. (B) An open heat exchanger showing 
the corrugated surfaces of the transfer piates. (C) Normaiiy a number of exchanges are included. 
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on both sides (to both end-plates). To be able to 
dismantle a two-stroke exchanger (e.g. for clean¬ 
ing), it must be possible to disconnect the pipe con¬ 
nections in a simple way. 

The value of k for plate exchangers varies signifi¬ 
cantly depending on the corrugation pattern on the 
surface; normal values are 3.5-8 kW/m^ per °C. The 
plates are very thin, in the region of 0.5 mm. 

Shell and tube exchangers 

Another common type of heat exchanger is the 
shell and tube. This is widely used in condensers and 
evaporators in heat pumps and cold storage plants 
in fish farming. It is constructed with a shell cover¬ 
ing a number of small tubes (Fig. 11.9). The shell is 
normally a large tube. One medium flows in the 
small tubes while the other flows around the tubes, 
in the shell. The small pipes and the large pipe 
constitute the two different circuits where the two 


Heat exchange plates Turning plate 



Figure 11.8 Multi-pass exchangers include one or 
more dense plates to change the direction of the water 
flow inside. In a multi-pass exchanger there are pipe 
connections at both ends of the rack. 


different media flow and heat can be transferred. 
Shell and tube exchangers are seldom used for tradi¬ 
tional water-to-water heat exchange in fish farming 
because they are quite difficult to clean manually. 
They can be opened by removing the cap at one end 
of the shell, but it is impossible to reach all heat 
transfer surfaces for simple manual brushing. They 
must be adapted for automatic chemical cleaning. 

Special types, pipes in sea water 

A pipe that is laid in water may have a higher or 
lower surrounding temperature than the water 
flowing through the pipe and will function as a heat 
exchanger. This principle has been used in fish farm¬ 
ing. If the temperature in the surrounding water is 
higher, heat will be transferred to the water flowing 
inside the pipe. To obtain a noticeable temperature 
increase in the water flowing inside the pipe, the fol¬ 
lowing factors are of importance: length of the pipe, 
temperature difference between the water inside the 
pipe and around the pipe, and the heat transfer coef¬ 
ficient (k) of the pipe material. This again depends 
on the thickness of the pipe, the material of which 
the pipe is constructed, the contact area between 
water and the pipe material on both sides, and the 
convection conditions inside and around the pipe. 

In practice, plastic seems to be the material most 
often used. However, polyethylene does not transfer 
energy particularly effectively as it has quite a low k 
value, but polyethylene pipes are cheap and easy to 
lay. The pipes must be moored and normally 
concrete blocks are used. If in sea water, it is normal 
to lay pipes at depths below 20-30 m to avoid the 
critical depth at which much fouling of the exterior 
surface occurs. In fish farming the system may be 
used for heating fresh water in the winter. In this 


Water out heated 



Figure 11.9 The shell and tube 
exchanger is constructed with a shell 
covering a number of small pipes. 
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case the inlet pipeline must be laid in sea water 
where the temperature is normally higher than in 
fresh water. This is thus a substitute for a traditional 
on-shore heat exchanger where sea water is pumped 
through. What is found in practice is that the pipe 
has to be several hundred metres long to achieve a 
noticeable temperature increase. Depending on site 
conditions and the geographical distance between 
the site and the water source, this might be a good 
solution if the water transferred from the source to 
the fish farm is near the sea. 

11.5.6 Flow pattern in heat exchangers 

Two flow principles are used in heat exchangers: 
co-current (with-current, uniflow) or counter-current, 
the latter being found only in plate exchangers 
of particular construction (Fig. 11.10). In the with- 




Figure 11.10 The flow pattern in a plate heat exchanger 
can be either uniflow or counter-current. 


current system, the liquids on both sides of the 
exchange material flow in the same direction, or 
approximately the same direction, as in the shell and 
tube exchanger. In this case the temperature gradi¬ 
ent between the media is high at the start but gradu¬ 
ally decreases. The highest possible temperature 
that can be achieved in the cold liquid being heated 
is the mean temperature between the two flowing 
liquids. This requires equal flow of both liquids; oth¬ 
erwise the temperature depends on the flow ratio of 
the two liquids. In a counter-current exchanger the 
cold media flows in the opposite direction to the hot 
media. The temperature of the cold media thus grad¬ 
ually increases and the hot water is correspondingly 
chilled. With a counter-current exchanger, the tem¬ 
perature of the cold media can be raised to almost 
the temperature of the hot media, depending on the 
size of the exchanger. 

Example 

Find the LMTD for a counter-current heat exchanger 
having the following temperatures: hot water into the 
exchanger, f = ll°C; hot water out of the exchanger, 
t^=5°C; cold water into the exchanger, t^=3°C; cold 
water out of the exchanger, t^ = 7°C. 

A7;= 

A7; = ll-7=4 

AT^ = 5-3 = 2 
4-2 

LMTD = —--=2.89 

ln(4/2) 

With parallel/linear temperature equalizing the 
answer would be slightly higher at 3.0. The way to 
achieve the conditions shown in the example is to 
have different media flow rates on the two sides of 
the transfer plates. If there are no energy losses to 
the surroundings and the water flow in both circuits 
is equal, will equal and this value can then be 
used for further calculations. 

11.5.7 Materials in heat exchangers 

Heat exchangers are built of different materials for 
different purposes. It is important that the material 
has good conductivity, such as a metal, and that the 
heat transfer surfaces are corrosion resistant. In fish 
farming, it is also important that the materials do 
not release substances that are toxic for the fish, e.g. 
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copper. The more contaminated the flowing media, 
either by acids or bases, the more resistant to 
corrosion the heat transfer surface areas need to be; 
however, this will increase the price of the material. 

If the medium is water and it is uncontaminated, 
stainless steel could be used. If the water is 
contaminated to some extent, for instance with 
humic substances, acid-proof steel at least should be 
used. If the water is salt or brackish, titanium- 
covered plates should be used. For groundwater, 
titanium-covered plates are also recommended; the 
price of these is, however, much higher than for 
stainless steel plates. 

11.5.8 Fouling 


Heat exchanger with 
turning piate 
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water in 
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Fouling is a problem with the use of heat exchangers 
in fish farming. This occurs particularly when using 
outlet water on one side in the exchanger, but there 
are also problems associated with using sea water 
on one side. Fouling of the transfer surfaces will 
reduce the value of k and the heat transfer, and by 
this the possibilities for recovery of energy. Fouling 
will cover the transfer surfaces, and conduction 
through the layers of fouling is dramatically reduced 
compared to surfaces with no fouling. Since fouling 
occurs normally and it is impossible to remove it 
continuously, this must be taken into consideration 
when designing heat exchangers for use in fish 
farming. This is done by including the fouling factor 
{R^ in the calculations, which again decreases the 
value of k (see section 11.5.3). 

It is important to reduce the amount of fouling as 
much as possible, but of course within economic lim¬ 
its. Washing of the surfaces will reduce the fouling, 
whether by using chemicals, manual brushing, or 
both. To make chemical washing possible in a simple 
way, the exchangers should be equipped with a 
back-washing circuit (i.e. cleaning in place) 
(Fig. 11.11). During the washing procedure the heat¬ 
ing system is stopped and the exchanger back- 
washed several times with water containing 
a detergent: caustic soda or lye may be used as 
a detergent in fish farming. However, chemical 
washing is normally not sufficient and the exchang¬ 
ers have to be opened and the heat transfer surfaces 
brushed manually. It may not be necessary to do this 
every time, but only for some of the washings, for 
example once a week. This of course depends on the 
degree of fouling, which varies with the characteristics 


Figure 11.11 To remove fouling, exchangers should be 
equipped with a washing circuit that is used to back¬ 
wash the system using detergents to dissoive fat. 


of the water flowing through the exchanger, i.e. 
whether it is new water or outlet water. 

When cleaning the exchangers the heating 
system must be switched off. Because of this, it can 
be advantageous to have at least two exchangers, 
so at least half the heating capacity is functioning 
during the cleaning procedure. It is important to 
have enough valves in the pipelines to be able to 
change the flow direction to permit this (see 
Chapter 2). 

The degree of fouling decreases with increased 
water velocity through the exchanger, because 
more turbulence is created. However, this will also 
increases the head loss, so there is a balance to find¬ 
ing the optimal water velocity. What is certain is 
that a low velocity through the exchanger increases 
the degree of fouling; this will occur if water flow 
through the exchanger is reduced compared with 
what it is designed for. In the worst case, total 
blockage of the exchanger can result. The normal 
water velocity through exchangers is around 2 m/s. 

Fungus clots and larger particles may block the 
exchanger totally. To reduce the risk of blockage, 
for instance when using outlet water, the water 
must always be filtered before entering a heat 
exchanger. This will to some extent also help to 
reduce the amount of fouling. A particle removal 
filter, for instance a rotating screen filter, is com¬ 
monly used for this purpose. 
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Figure 11.12 The main components 
and function of a heat pump. 


11.6 Heat pumps 

11.6.1 Why use heat pumps? 

Today heat pumps are finding increasing use in all 
types of industry, in greenhouses and housing, as a 
result of the high cost of electricity and oil. The use 
of heat pumps is beneficial in many aquaculture 
facilities because the temperature increase is rela¬ 
tively low and the amount of energy that can be 
transferred is quite large. 

The great advantage of a heat pump is that it 
transfers a large amount of thermal energy at a low 
temperature to a sink that is at a higher tempera¬ 
ture. Because heat pumps move thermal energy 
against a thermal gradient, they require an external 
source of power. 

A heat pump uses basically the same principle as a 
refrigerator or cold-storage plant, the difference 
being the method of utilization. A refrigerator is used 
to remove energy while the heat pump is used to add 


energy. Theoretically a heat pump and a refrigerator 
can be the same unit used for both cooling and heat¬ 
ing, for instance cooling of the water supplied to 
spawning fish and heating of the water supplied to fry 
production. However, it is difficult to optimize the 
heat pump for both purposes. 

11.6.2 Construction and function 
of a heat pump 

A heat pump consists of four main components 
(Fig. 11.12): 

(1) Evaporator 

(2) Compressor 

(3) Condenser 

(4) Expansion valve. 

Between the four components there is a closed 
pipeline, the transport circuit, in which the working 
medium or refrigerant circulates. The medium 
is adapted so that it performs a phase transfer: 
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it will change phase between liquid and gas 
when circulating between the components in the 
circuit. The system utilizes the energy needed for 
evaporation of the working medium, which is 
released when the medium is condensed. 

To explain the construction and function of the 
heat pump or refrigerator, the working medium can 
be followed for one lap round the closed pipeline cir¬ 
cuit. When the medium enters the evaporator, it is a 
liquid at low temperature and relatively low pressure. 
The boiling point of the medium is quite low. In 
the evaporator, which is actually a heat exchanger, 
the temperature in the surroundings is higher than in 
the working medium. Energy is therefore transferred 
from the surroundings into the working medium, i.e. 
heat exchange occurs. The temperature increases up 
to the evaporation point for the working medium, 
which starts to change phase from liquid to gas. When 
a medium changes from liquid to gas much energy is 
needed which is stored in the gas. The gas is then 
sucked into the compressor where the pressure 
increases together with the temperature so that all 
the medium is superheated gas. The pressure in the 
working medium is now much higher than before. 

The compressor is supplied with additional 
energy (normally electricity) to function. Available 
compressors use either a piston principle or the screw 
principle, the latter providing continuous delivery of 
gas. Not all the energy supplied to the compressor is 
transferred to the gas, because there are some energy 
losses. The efficiency of a compressor is normally 
about 70-80%, meaning that 70-80% of the added 
electricity to the compressor is transferred to the gas. 

From the compressor the gas is pushed into the 
condenser with the help of the created pressure. 
The condenser is another heat exchanger where 
energy is transferred from the gas, which has the 
highest temperature, into the surrounding water. 
The gas is now chilled and it reaches a temperature 
where phase transfer occurs again, the dew point, 
and changes into liquid. The evaporation energy 
that has been stored in the gas is now released and 
transferred to the cold medium. The liquid now 
flows through the expansion valve where the pres¬ 
sure is reduced, for instance by increasing the cross- 
sectional area of the pipe where the medium is 
flowing. The gas-liquid mix now expands. (A sim¬ 
plification of this is that the liquid is pressed through 
a small hole and out into a pipe with larger diame¬ 
ter.) All the medium now changes into liquid. The 
pressure decrease in the medium is accompanied by 


a drop in temperature. The working medium now 
enters the evaporator again and can start a new lap 
round the circuit; thus it circulates continuously. 

The working medium or refrigerant must be 
adapted to the temperature and pressure conditions 
in the evaporator and condenser. It must evaporate 
and condense at temperatures that fit the tempera¬ 
ture to which the inlet water is to be heated, and of 
the water from which the heat is collected; neither 
must the pressure and pressure difference be too 
large. There has been much discussion about refrig¬ 
erants, because the most suitable have negative 
effects on the environment by contributing to the 
greenhouse effect. New more environmentally 
friendly refrigerants have therefore been developed 
during the past few years. In fish farming ammonia 
is much used: it is relatively environmentally 
friendly with regard to the greenhouse effect but 
highly toxic for the fish, so it is important to avoid 
leakage of refrigerant into the inlet water. 

11.6.3 Log pressure-enthalpy (p-H) 

The heat pump process is often illustrated in a log 
pressure (p)-enthalpy (H) diagram (log p-H 
diagram) (Fig. 11.13). Enthalpy is a measure of the 
energy content of refrigerant; units are kJ/kg.The log 
p-H diagram illustrates clearly the changes of phase 
in the refrigerant. The pressure of the refrigerant is 
constant through the evaporator, but its energy con¬ 
tent (H) increases because it gradually changes 
phase from liquid to gas and in doing so takes up 
energy from its surroundings. When the refrigerant 
enters the compressor it is in the gas phase (to pre¬ 
vent liquid refrigerant destroying the compressor). 
Electric energy is supplied to the compressor, most 
of which is transferred to the refrigerant, so further 
increasing its enthalpy. In the compressor the pres¬ 
sure of the gas increases and it is then fed into the 
condenser. Here energy is released because the gas 
changes phase to liquid and the enthalpy drops, but 
the pressure remains stable: all the energy that was 
stored when the liquid changed phase into gas is now 
released. The refrigerant exits the condenser as 
liquid and then enters the expansion valve where its 
pressure drops, but no energy is removed or added 
(assuming ideal conditions). Therefore the enthalpy 
is the same, as shown by a vertical line. 

The p-H diagram is specific for each medium, 
and shows the phase of the medium in relation to its 
pressure and enthalpy content. It is also known as a 
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Figure 11.13 The heat pump process 
illustrated in a log p-H diagram. 


nose diagram, depending on the presentation. On 
one side of the ‘nose’ the phase of the working 
medium is liquid; on the other side it is gas, and in 
between both gas and liquid. The heat pump pro¬ 
cesses therefore happen inside the ‘nose’, because it 
is here that the phase transfers occur. 

11.6.4 Coefficient of performance 

The coefficient of performance (COP) is an important 
parameter with regard to heat pumps and heating sys¬ 
tems; it indicates how much energy is transferred to 
the water in relation to the supply of energy (normally 
electricity). For heat pumps the only electricity sup¬ 
plied is to the compressor. The COP (e) will therefore 
be the relation between the energy released in the 
condenser and the energy added to the compressor: 

^ ^released in condenser ^Gadded to compressor 

Normally for the commercial heat pumps used in 
fish farming, COP can be up to 5. 

11.6.5 Installations of heat pumps 

When installing a heat pump the location of the con¬ 
denser is very important, because it is here that the 
energy is released. Conversely, for a refrigeration 
plant the location of the evaporator will be important 
because here removal of energy occurs. There are a 
number of places for installing the condenser in the 
heat pump in a fish farm; all have advantages and 
disadvantages (Fig. 11.14). One solution is to place it 


directly into the inlet water, which gives very good 
heat transfer. Flowever, leakage from the condenser 
could lead to contamination of the inlet water by the 
refrigerant, which is dangerous because it could be 
toxic to the fish. To avoid this, an extra closed circuit 
is more commonly used between the condenser 
and the inlet water consisting of a pump and a heat 
exchanger through which a non-toxic liquid (e.g. 
water or glycol) circulates. Glycol has a high thermal 
capacity so is a good choice of medium. Between 10 
and 15% reduction in the COP is normal when using 
the extra circuit, because the heat is transferred twice. 

Another method is to install the condenser in the 
outlet water and afterwards have a heat exchanger 
between the outlet water and the inlet water, also a 
two-step heat transfer process. The disadvantage 
with this method is that increased fouling will pre¬ 
sent problems. Cleaning of the condenser, which is 
normally of the shell and tube type, is difficult. 

The evaporator is normally placed in the outlet 
water. Here there will also be problems with foul¬ 
ing, and a closed circuit can also be used to advan¬ 
tage in this situation. A plate exchanger is used in 
this circuit to transfer the heat, because it is easier 
to open for cleaning. 

When using the evaporator in the outlet water and 
the temperatures are low, freezing of the outlet water 
may be a problem because the temperature is reduced 
as much as possible through the evaporator to 
recover the stored energy in the outlet water, mean¬ 
ing that the temperature in the working medium 
is 0°C or less to ensure effective heat transfer. It is 
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Alternative 1 


Aerator Condenser 



with a good COP. Therefore the heat pump will usu¬ 
ally be an integral part of a total energy system where 
additional energy from sea water or another 
low-temperature source may be used. Energy may 
also be added directly, for instance by using an 
immersion heater; this will of course require a much 
smaller heater compared to using an immersion 
heater alone and not in combination with a heat 
pump. 


Alternative 2 


Heat exchanger 



Aerator 


Alternative 3 

Heat exchanger 


Condenser 
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j Evaporator CHZZI 
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Cleaner 


Heat exchanger 


Figure 11.14 There are several alternatives for install¬ 
ing the condenser when using a heat pump. It can be 
placed directly in the inlet water, or a circulation circuit 
including a heat exchanger can be used. 


therefore possible that the water in the evaporator 
will freeze, for instance if there is a reduction in the 
water flow or drop in the inlet water temperature. To 
avoid breakage of a shell and tube evaporator due to 
ice, it is normal to use glycol which functions in the 
same way here as in the condenser circuit (glycol is a 
liquid with a very low freezing point). 

In practice, there is usually insufficient energy in 
the outlet water to enable a heat pump to function 


Example 

Inlet water to a fish farm is heated from 2 to 8°C by 
transfer of energy from the condenser. The water flow 
is 500L/min (8.33 kg/s); 50 kW of electric energy is 
supplied to the compressor. Find the COP for the 
heat pump. 

Start by calculating the total energy input to the 
inlet water. 

P = mCpdt 

P=8.33x4.2x6 
P = 210kJ/s = 210kW 

The COP is therefore 

£=210/50 = 4.2 

This means that for every kW of electric energy that 
is supplied to the compressor, the water is heated by 
4.2 kW. 

11.6.6 Management and maintenance 
of heat pnmps 

Fouling is always a problem when using heat pumps 
in fish farming. Plate exchangers with glycol circuits, 
as mentioned earlier, can therefore be advantageous 
because they are easier to clean and dismantle. 
Chemical washing circuits should also be installed. 

Normally, heat pumps are thermostatically con¬ 
trolled to prevent the water freezing and damaging 
the evaporator. If the temperature falls too low, cir¬ 
culation of refrigerant is stopped to allow any ice 
that has formed to melt. A back-up heating system 
might be installed to safeguard against freezing but 
is expensive. Alternatively the water can be pre¬ 
warmed by using another heat source, such as 
groundwater, before it enters the heat pump. 


11.7 Composite heating systems 

A composite heating system is normally used to 
heat water for use in fish farming. The system 
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Figure 11.15 A heating system with a heater and a heat exchanger. 


comprises several components that all have some 
heating effect on the inlet water. Usually there 
are one or several heat exchangers in addition to 
either a heat pump on large farms, or a heater or 
an oil burner on smaller farms. The COP is calcu¬ 
lated for the entire heating system and are usu¬ 
ally in the range 15-25, which means that for each 
kW of electric energy supplied, the water is 
heated by 15-25 kW. Examples given below 
include heaters, heat pumps and heat exchangers 
to illustrate the profitability of using a composite 
heating system. 

Example 

El eater and heat exchanger (Eig. 11.15) 

Calculate the profitability of adding a heat 
exchanger compared with using only an electric 
immersion heater in a small heating system. A water 
flow of 180 L/min (3L/s) is to be heated from 4 to 
8°C. The first calculation is for an electric heater 
alone. 

Size of the heater: 


P = mc^dt 

P = 3x4.18x(8-‘4) 

P = 50.2 kJ/s= 50.2 kW 

The daily cost of using this system with an electricity 
price of€0.13/kWh is: 

50.2x24x0.13 = €156.62 

Now a heat exchanger is included in the circuit to 
recover the energy in the outlet water; 75 % recovery 
is quite normal. This value of course depends on the 
cost of the heater, heat exchanger and electricity; sim¬ 
ulations should be done to find the most economic 
combination. If 75% of the total heat increase above 
4°C is provided by the heat exchanger, 3°C of the 
temperature rise results from its use. This gives 
the following temperatures in the heat exchanger as 
the same amount of water flows on both sides: 

Water entering heat exchanger, 4°C 
Water leaving heat exchanger, 7°C 
Water entering heater, 7°C 
Water leaving heater, 8°C 
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Figure 11.16 A heating system with a 
heater and heat exchangers both in 
the outiet water and to sea water. 


A smaller heater is therefore needed as the water is 
only going to be heated from 7 to 8°C: 

/^=3x4.18x(8-7)=12.5kW 

This gives the following new daily running costs: 

12.5x24x0.13 = €39 

As can be seen, the daily cost of heating is reduced 
from €156.62 to €39, a saving of €117.62 per day, by 
adding a heat exchanger. This clearly illustrates the 
advantage of using a heat exchanger. 

The necessary size of the exchanger will now be 
found. Since the same amount of water is circulating 
on both sides of the heat exchanger, it has the follow¬ 
ing temperature programme: 

Water entering heat exchanger, 4°C 
Water leaving heat exchanger, 7°C 
Water entering heater, 7°C 
Water leaving heater, 8°C 

The energy to be transferred from the warm to the 
cold side in the heat exchanger is given by 

P = mc^dt 

P = 3x4.18x3 

/^ = 37.6kJ/s = 37.6kW 

For a heat exchanger the following equation 
applies: 

P = kA\MA:Y) 

The k value for the plates in the exchanger is set to 
6kW/m7 per °C and the LMTD (temperature differ¬ 
ence that drives the heat transfer) is 1.0°C, which 
gives the following area: 


A = F/(kLMTD) 

A = 37.6/(6xl.O) 

A = 6.3 

Assuming a plate size of width 0.4 m and height 1 m, 
the area is 0.4 m^ (this depends on the size of plate 
supplied).Thenumberofplatesrequired=6.3/0.4=15.8; 
this is an exchanger with 16 plates. 

Example 

Heater with heat exchangers in outlet water and in 
sea water (Fig. 11.16). 

The inlet water has a temperature of 2°C and this 
is increased to 4°C when the water passes the sea¬ 
water exchanger. The water then enters an outlet 
exchanger where the temperature is further increased 
to 9°C. The last increment up to 10°C, which is the 
temperature in the fish tank, is supplied through an 
electric heater. Calculate the COP of the system. 

^ ^delivered ^ ^supplied 

^tank ^raw water ) ^ (^tank ^before heater ) 

£ = (10-2)/(10-9) = 8 

The COP is 8 for this system, so that for every kW of 
electric energy supplied 8kW is supplied to the inlet 
water. 

Example 

Heat pump and heat exchanger (Fig. 11.17) 

Find the profitability of installing a heat pump, 
compared with a total energy system including a heat 
pump and heat exchangers. A water flow of 300 L/ 
min (50L/s) is to be heated from 2 to 8°C. The heat 
pump has a COP of 5. How much electric energy 
must be supplied? 
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Figure 11.17 A heating system with a 
heat pump and a heat exchanger. 


First, the total amount of energy that has to be 
transferred to the water is calculated: 

P = mc^dt 

/> = 50x4.18x(8-2) 

/> = 1254kJ/s = 1254kW 

The COP is 5, meaning that the amount of energy 
transferred to the compressor is 

1254/5=250.8 kW 

The daily cost of using a heat pump with an electric¬ 
ity price of€0.13/kWh is therefore 

250.8x24x0.13 = €782.5 

Now a heat exchanger that recovers the energy in the 
outlet water and transfers it to the inlet water is added 
to the circuit. The heat exchanger is assumed to meet 
75% of the heating requirement. Of the total tem¬ 
perature increase of6°C, 75% is provided by the heat 
exchanger, i.e. 4.5°C, which gives the following tem¬ 
peratures in the heat exchanger. 

Water entering heat exchanger, 2.0°C 
Water leaving heat exchanger, 6.5°C 
Water entering heat pump, 6.5°C 
Water leaving heat pump, 8.0° C 


The new size of the heat pump can now be 
calculated: 

F=50x4.18x(8-6.5) 

F= 313.5 kW 

With a COP of 5, the amount of energy that must 
be supplied to the compressor is 313.5/5 = 62.7kW. 
Therefore new daily costs are: 

62.7x24x0.13 = €195.62 

As can be seen the daily cost of heating is reduced 
from €782.5 to €195.62, a saving of €586.88 per day, 
by using a heat exchanger in addition to the heat 
pump. This illustrates how useful it is to utilize a heat 
exchanger together with a heat pump. Heat pumps 
are nearly always used together with one or several 
heat exchangers because of the large reduction in 
energy costs compared to the investment costs of 
heat exchangers. 

The overall COP can now be calculated: 

e = total energy transferred to the 
water/electricenergy supplied 
£=1254/62.7=20.0 
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Figure 11.18 A water cooling plant. 


This means that of the total energy transferred to the 
water, only 1/20 (5%) is supplied as electric energy. 


11.8 Chilling of water 

When water is to be chilled, energy has to be 
removed; the amount is the same that has to be 
added when heating for a given temperature differ¬ 
ence, so of course the same equation can be used. 

P = mc^dt 

where m represents water flow (kg/s), c^ specific 
heat capacity (kJ/kg per °C) and dt temperature 
decrease for the water (°C), i.e. the difference 
between inlet and outlet temperatures. 

Example 

A water flow of 60 L/min (1 kg/s) is to be chilled 
from 4°C to 2°C. Find the rate of energy removal. 

P = mCpdt 

f’=lx4.18x(4-2) 

F = 8.36 kJ/s = 8.4 kW 

Heat exchange can be used if there is an available 
water source that could be used as a chilling 
medium. For instance, fresh water can be chilled 


using bottom water from the sea during the summer 
when fresh water is warmer. Direct mixing of colder 
water may also be used to avoid the use of a heat 
exchanger, but requires satisfactory water quality. 

Alternatively, ice may be added directly to the 
water, or one circuit of a heat exchanger can pass 
through a basin to which ice is added. If this method 
is used, it is necessary to have an ice machine on the 
farm; however, this is not very satisfactory because 
it is a costly method involving two stages: first pro¬ 
duction of ice and then chilling of the water. Only 
when small amounts of water are to be chilled at 
specific times of the year is it a viable solution, for 
example in small slaughter houses, and where ice is 
available for chilling the fish. 

A cooling plant is therefore used to chill the 
water. This is basically the same as a heat pump, but 
is optimized in another way (Fig. 11.18). The evapo¬ 
rator is placed in the water or liquid to be chilled. 
When the working medium or refrigerant evapo¬ 
rates, energy is taken from the water or liquid, the 
temperature of which falls. This is made possible by 
choosing a suitable refrigerant (working medium). 
After this the working medium goes into the 
compressor and then on to the condenser where it 
condenses, releasing heat to the surroundings. 
A cooling plant often contains an air-liquid heat 
exchanger (the condenser) so the heat is released 
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directly to the air. This is the same principle that is 
used in a refrigerator where the energy is also 
released to the air. As seen from the set-up, the 
main component in a cooling plant is the evapora¬ 
tor that ‘removes’ energy. When talking about the 
efficiency or COP when a heat pump is used as a 
cooler, it is the relation between the energy (Q) that 
is added to the compressor and the energy removed 
from the water in the evaporator that is critical. The 
equation to use is therefore: 

^ ^removed in the evaporator ^Gadded to compressor 

The same circulation circuits that are used in heat 
pump installations to prevent refrigerant from con¬ 
taminating the inlet water and avoid freezing are 
also used in cooler units (see section 11.6.5). 

If both chilling and heating need to be per¬ 
formed on a fish farm, it might be possible to uti¬ 
lize the same heat pump for both purposes. Energy 
can be taken from the inlet water to be chilled and 
added to the inlet water to be heated. This means 


placing the evaporator in the water to be chilled 
and the condenser in the water to be heated. 
However, normally it will be a rather unsatisfac¬ 
tory solution because it is difficult to optimize the 
heat pump with pressure conditions throughout 
the evaporator and condenser, and to find good 
refrigerant. 
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Aeration and Oxygenation 


12.1 Introduction 

The purpose of aeration or oxygenation is either to 
remove gases such as nitrogen (N^) and carbon 
dioxide (CO^) from the water, or to increase the 
concentration of gases such as oxygen (O^) in the 
water. There are several reasons for aerating and 
oxygenating the inlet water to a fish farm. The 
water may contain insufficient oxygen or too much 
nitrogen or carbon dioxide. If the content of oxy¬ 
gen in the water is increased, the less water need 
be added. Too much nitrogen (supersaturation) 
will create gas bubble disease (diving disease) in 
the fish with high possibilities of mortality.^ Too 
much carbon dioxide is also toxic for the fish.^’^ 
Adding too much oxygen to the water will also be 
toxic for the fish.^ 

Aeration or oxygenation is carried out in almost 
all production systems. On land-based farms and in 
ponds it is common to use either aeration or a com¬ 
bination of aeration and oxygenation. Recent 
research also shows improved production resulting 
from adding oxygen to cages.'^ During transport of 
fish, the addition of air or oxygen is also necessary. 

A great deal of literature is available concerning 
aquaculture, but the literature regarding wastewa¬ 
ter treatment, environmental engineering and water 
chemistry is also a source of useful information. In 
chemical engineering the equipment is called gas 
absorbers and gas strippers. 
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12.2 Gases in water 

Water contains a certain amount of dissolved 
gases. When the water has taken up the amount 
possible under normal atmospheric pressure, it is 
fully saturated (100%) or in equilibrium (see sec¬ 
tion 12.3.1). If the water contains less gas than can 
be taken up at a given temperature, it is less than 
saturated (<100%); if the water contains more gas 
than when fully saturated, it is supersaturated 
(>100%). 

The percentage saturation can be calculated by 
dividing the measured concentration (C^) by the 
concentration at saturation (CJ: 

Percentage saturation = (C,„/Cj xlOO 

All the gases in the atmosphere can be dissolved 
in water; the sum of the partial pressures of all the 
dissolved gases is known as the total gas pressure 
(TGP). If measuring in air, the TGP is the same as 
the barometric pressure (BP). The pressure differ¬ 
ence, AP, is the difference between TGP in the 
water and the BP of the air above the water: 

AP = TGP-BP 

If TGP measured in the water is higher than the BP 
of the air (positive AP), the water is supersaturated 
and gas will be forced out of the water. If TGP is 
less than BP, the water is undersaturated and gases 


& Sons, Ltd. 


155 



156 


Aquaculture Engineering 


will be forced into the water. TGP may be expressed 
as a percentage of the BP: 

TGP (%) = + X100 

The water vapour pressure, may also be 

included in the equation: 

(bP +AP-AP, 

TGP (%) = ^ X100 

Air and water contain many gases, but in fish 
farming oxygen, nitrogen, and in some cases also 
carbon dioxide, are of greatest importance. Since 
the major reason for adding water is to provide oxy¬ 
gen, the added water should have as high an oxygen 
concentration as possible, close to 100% saturation. 
If undersaturated water is used, more water must be 
supplied. Water may also be supersaturated with 
oxygen, i.e. its concentration in the water is raised 
above 100% by the addition of pure oxygen, to 
reduce the amount of water that must be supplied 
to the fish. If the other gases in the water are in 
equilibrium, water that is supersaturated with oxy¬ 
gen will have a positive AP, i.e. TGP is higher than 
BP. The concentration of nitrogen in the water must 
not be above 100% saturation, because this can 
cause bubble (diving) disease in the fish. 

Water treatment and biological processes in 
the water source can result in both supersaturation 
and undersaturation of the different gases. Super¬ 
saturation can result from naturally occurring or 
man-made processes.® Supersaturation can be the 
result of rapid heating of water, mixing of water of 
different temperatures, freezing of water when 
some of the gases remain in the water, mixing air 
into the water (e.g. under waterfalls or by waves), 
photosynthesis that creates oxygen gas, and changes 
in the BP. 

If the saturation of the gases is 100% or less, they 
are completely dissolved in the water. However, if 
the concentration of gas is above 100% saturation, 
there will be free gas bubbles in the water; these are 
small and difficult to observe. Only the oxygen 
actually dissolved in the water is available to the 
fish: when the water is supersaturated with oxygen, 
the bubbles will gradually be dissolved in the water 
and the oxygen made available to the fish as the fish 
consume the oxygen that is already dissolved in the 
water. For the theory regarding formation of gas 
bubbles, see Chapter 7. 


Table 12.1 Characteristics of dry air.' 


Gas 

Weight (%) 

Volume (%) 

Nitrogen (N^) 

75.54 

78.084 

Oxygen (O^) 

23.10 

20.946 

Argon (Ar) 

1.29 

0.934 

Carbon dioxide (CO^) 

0.05 

0.033 

Other 

0.02 

0.003 


Air and water have different gas contents; in 
both, nitrogen and oxygen are the major gases. In 
air the relation between nitrogen and oxygen is 
approximately 78% to 21% by volume (Table 12.1), 
while in water the relation is 60% nitrogen and 
40% oxygen when the gases are in equilibrium. It is 
important to be aware of this relationship because 
if air is forced into the water under pressure, super¬ 
saturation of nitrogen may occur which is harmful 
to the fish. 

The air will exert pressure on the water surface. 
At sea level this pressure is 1 atmosphere, equal to 
760 ± 25mmHg, although it varies depending on 
atmospheric conditions. The oxygen partial pres¬ 
sure is related to the percentage of the total volume 
that oxygen constitutes, which in air is 21%; multi¬ 
plying this value by the BP (latm or 760mmHg) 
gives the partial pressure of oxygen. 

Partial pressure Oj = 0.21 x 760 mmHg 
= 159.6 mmHg 

This means that the pressure of oxygen on the water 
surface is 159.6 mmHg. 

The total pressure represented by the BP is the 
sum of the partial pressures of the gases in the 
atmosphere. This can be described as follows, 
neglecting the gases that constitute a very small 
proportion of the air: 

BP = P{N^)+P{0^) + P(Ar)-t ^(COJ 

The amount of a gas dissolved in water is referred 
to as the solubility of the gas, and depends on sev¬ 
eral factors, such as water temperature, pressure, 
salinity and substances in the water.® At higher tem¬ 
peratures, gases are less soluble in water because 
the molecules need more space. The solubility of 
oxygen and nitrogen decreases linearly with increas¬ 
ing temperature (see later) and for this reason hot 
water contains less oxygen than cold water. The 
solubility of oxygen and nitrogen also decreases 
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with increased salt content of the water. Tables for 
the content of oxygen in water with different tem¬ 
peratures and salinity is given in Appendix 12.1. 

The solubility of gases in water is normally 
expressed as mg/L of the actual gas, but it may also 
be expressed as the partial pressure. Equations for 
conversion are available;^ for oxygen and carbon 
dioxide the following may be used; 



where E. represents partial pressure for the actual 
gas (i) in mmHg, C. concentration of the actual gas 
in mg/L, )3. Bunsen coefficient for the actual gas, 
depending on temperature and salinity (see 
Appendix 12.2) and A. is a constant depending on 
the actual gas (0.5318 for oxygen and 0.3845 for 
carbon dioxide).^ 

Solubility may also be expressed on the basis of 
tension. The oxygen tension may, for instance, be 
the necessary partial pressure in the atmosphere to 
keep a certain concentration in the water. If the 
atmosphere is air at normal pressure, the oxygen 
tension is 159mmHg. This creates 100% oxygen 
saturation in the water. If the pressure is less than 
this, the concentration in the water will also be 
reduced. 

12.3 Gas theory: aeration 

How much and how fast gases are transferred in 
and out of water depends on two factors:® 

(1) Equilibrium conditions (also known as the 
saturation concentration) 

(2) Mass transfer. 

Equilibrium is when there is no net transfer of gas 
in or out of the water. Mass transfer occurs before 
equilibrium is reached when there is transport of 
gas into or out of the water. 

12.3.1 Equilibrium 

When equilibrium has been reached there is no net 
transport of gas into the water or from the water to 
the air. There is still some transport of gas molecules 
through the water surface, but what goes in equals 
what comes out; there are no free gas bubbles in the 
water. In the same way, when salt is added to fresh 
water only a certain amount can be dissolved; after 


reaching this level no more will dissolve, even if it is 
added. The excess salt will only remain on the bot¬ 
tom as salt crystals. The same happens with the gas 
as it stays in bubble form when the water is 
supersaturated. 

To find equilibrium conditions, Henry’s law can 
be used. Henry’s law can be expressed in several 
ways;i’®’“ it illustrates that the amount of gas that 
can be dissolved is proportional to the partial 
pressure:^^ 

where represents partial pressure of gas (atm), H 
Henry’s constant (atm/mol fraction) and con¬ 
centration of gas in water (mol gas/(mol gas-i-mol 
water)). If SI units are used, is given in pascal 
(Pa), H in Pa m®/mol and in mol/m®. Henry’s con¬ 
stant depends on temperature and gas type; its 
value increases with temperature. The gas obeys 
Henry’s law if the gas that can be dissolved in water 
decreases with temperature. 

As explained in section 12.2, partial pressure, P^, 
depends on how much of the actual gas is in the 
atmosphere above the water surface. The pres¬ 
sure it exerts on the surface will press the gas into 
the water. In air there is about 20% oxygen, so P^ 
in this case is 0.2; if the atmosphere is pure oxy¬ 
gen, i.e. there is 100% oxygen above the water, P 
is 1.0. 

If the gas above the water surface is above normal 
atmospheric pressure, there will be new equilibrium 
conditions given by Dalton’s law:® 

Pi = PA 

where p. represents partial pressure of gas i, total 
pressure of a mixture of gases and y mole fraction 
of gas i (mol gas i/mol total gases). Thus if the total 
pressure of the gas is increased, the partial pressure 
will also increase and more gas can be pressed into 
the water. 

Henry’s law can be combined with Dalton’s law 
to give the Henry-Dalton law: 

PJ = Hx^ 

where y represents mol gas i,p^ total gas pressure, H 
Henry’s constant and x^ amount of gas i in the liq¬ 
uid. x. is the key value because, as the equation 
shows, by increasing the total pressure or by increas¬ 
ing the amount of gas i in the atmosphere, the gas 
concentrations in the liquid will be increased. 
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For instance, when air is under pressure above 
the water surface, more gas will be pressed into the 
water which will be supersaturated. Supersaturation 
with nitrogen from the air is harmful to fish, so 
over-pressure of air is unwanted and must be 
avoided. The same may occur if adding air to deep 
water where the water pressure is higher and the air 
pressure must be higher than at the surface, i.e. 
more than 1 atm. To illustrate this, air can be added 
to water 2 m deep, but when doing this air is com¬ 
pressed by the water before it dissolves. 

Example 

A plastic bag containing both air and water is low¬ 
ered to the bottom of a 2-m deep basin of water. The 
air will be compressed by the water pressure and the 
air inside the plastic bag will be forced into the water 
because the pressure on the water surface increases. 
We can now see what will happen to the nitrogen 
saturation. The normal pressure on the surface is 
1 atm (10 mHfO); when lowering the bag to 2 m deep 
the total pressure will increase to 12 mH^O. The 
Henry-Dalton law can be used to find the concentra¬ 
tion of nitrogen: 

pj = Hx 

y is constant, but the pressure increases from 10 to 
12 mHfO, a 20% increase. Since H is a constant, x will 
increase by 20%. Therefore the concentration of 
nitrogen increases by 20%, which is harmful to fish. 
Under practical conditions, however, some nitrogen 
will go directly to the surface and escape without hav¬ 
ing time for gas transfer, but an increase in concentra¬ 
tion of 0.5% per 10cm or 5% per metre depth occurs. 

Adding air directly into water at depths of more 
than 1-2 m is not recommended because supersatu¬ 
ration of nitrogen should be avoided. The likeli¬ 
hood of supersaturation depends on whether there 
is sufficient time to transfer the gas into the water, 
and eventual supersaturation of nitrogen gas should 
be measured. 

12.3.2 Gas transfer 

To describe the mechanism of gas transfer into 
water, the two-film theory proposed by Lewis and 
Whitman in 1924 is the simplest and most com¬ 
monly used (Fig. 12.1).^^“^^ The interface between 
the water and the gas can be divided into two films 


Gas concentration 



Two films 

Figure 12.1 The two film theory is commonly used to 
describe the transfer of gas into water. 

with laminar flow, one gas film and one liquid film. 
These films will inhibit the transport of gas mole¬ 
cules either into the water or out of the water. The 
thickness of the two films with laminar flow depends 
on the amount of turbulence in the water and in the 
air; much turbulence results in reduced thickness. 
To achieve good transport of gas molecules it is 
important to have a thin film to increase the velo¬ 
city of gas transfer through the interface. 

When gas molecules from the air are forced into 
the water, they first go from the gas phase into the 
gas film, also referred to as the surface film. This pro¬ 
cess is a combination of diffusion and convection, 
and is quite fast. The next step is through the gas- 
liquid film interface where the force is diffusion. 
Diffusion, which results from random molecular 
movements, is a slow process and this step is rate- 
limiting. The last step is transfer of gas into the 
liquid; the main force here is convection. 

The gas transfer per unit time through the surface 
can be described by the following differential 
equation; 

dc/dt= Al(A/F)(C*-Co) 

where dc/df represents change in concentration per 
unit time (mg/L per h), coefficient for gas trans¬ 
fer (cm/h), A/F contact area of the gas-liquid inter¬ 
face (cm^) in relation to the total liquid volume 
(cm^), C* saturation concentration for the gas in the 
liquid (mg/L) and starting concentration of the 
gas in the liquid (mg/L). The diffusion constant 
is proportional to the diffusion rate through the sur¬ 
face film and inversely proportional to the surface 
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film thickness. This shows the importance of a thin 
surface film. is also dependent on temperature; it 
will increase with temperature, because the diffu¬ 
sion velocity will increase. The following relation¬ 
ship shows this:^'* 


— 1 ^ ^T-20 

where represents overall mass transfer coeffi¬ 
cient, transfer coefficient at 20 °C, 6 correction 
factor (1.024 for fresh water) and T temperature. 
It is normal to express the constant and the 
contact area {AIV) together as the K-^ value, 
which is known as the overall mass transfer coef¬ 
ficient for an aeration system. It is difficult to cal¬ 
culate for an aeration system; however, if this 
value could be found it would be easy to calculate 
the efficiency of the aeration system. Mathe¬ 
matical models have been developed, but they 
are difficult to use. Therefore the value for 
an aeration system is usually determined by 
experiment. 

The gas concentration in a system after time t 
with mass transfer for a given K-^ value can be 
found by integration of the basic equation to give 
the following result: 


Co-C* 


This may also be expressed as: 


/ 

In 


C-C '' 

C -C" 
'^0 '-'7 


= K, 


t 


This shows that the concentration (C) after using an 
aeration system for time t depends on the starting 
concentration (C^), the saturation concentration 
(C*) and the value: 

C = C'' + [Ca-C)e''^^‘ 

When all the oxygen has been removed from the 
water and aeration is started, the content of oxygen 
will increase rapidly and later level off at the limita¬ 
tion value (100% or full saturation) (Fig. 12.2). The 
value (C-C*)/(Cg-C*) is known as the oxygen 
deficit. If the natural logarithm (In) of the oxygen 
deficit is plotted on the y-axis in a diagram with 
time on the x-axis, the value will be given by the 

slope of the line. 



Figure 12.2 When all the oxygen has been removed 
from the water and aeration Is started, the content of 
oxygen will Increase rapidly and later level off at the 
limitation value (100% or full saturation). 

12.4 Design and construction 
of aerators 

12.4.1 Basic principles 

The aim of aeration is to create conditions as near 
equilibrium as possible between the gas in the air 
and the gas in the water. Eventually, supersaturated 
gas, especially nitrogen, will be aerated out and oxy¬ 
gen will be supplied if the concentration is below 
saturation. The aim in constructing an aerator is to 
achieve optimal conditions for exchange of gas 
between air and water, so that close to equilibrium 
can be reached as fast as possible. By creating a 
large contact area between the water and the air, 
good gas-water exchange will occur (see equations 
for gas transfer and the AIV relationship). The lay¬ 
ers of air or water ought to be as thin as possible. To 
create thin layers it is important that both the cur¬ 
rent of air and the current of water are turbulent so 
that effective gas transfer can occur at the water-air 
interface. The aeration process needs time, and 
effective aerators will need less time to achieve the 
same degree of saturation than ineffective ones. 
Mass transfer from the air will occur into a tank of 
non-saturated water, almost 100% saturation being 
achieved, but this will take a very long time. 

Two main methods are utilized for aeration 
(Fig. 12.3). Either air can be supplied into a flow of 
water, or water may be supplied into a flow of air. 
An example of the first method is bubbling of air 
through a water column; droplets of water passing 
through a layer of air illustrate the second method. 
Since the droplets are small, a large surface area 
between the water and the air is created; the smaller 
the bubbles or droplets, the larger the surface area. 
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Figure 12.3 Two methods are used for 
aeration: either air can be supplied into a flow 
of water or water may be supplied into a flow 
of air. 


Aerators can be constructed either for supplying 
oxygen to the water (gassing) or removing nitrogen 
or carbon dioxide from the water (degassing). An 
aerator built for gassing is not necessarily optimal 
for degassing; aerators for both and are usual. 

12.4.2 Evaluation criteria 

Many methods are used for aeration, and several 
designs of aerators are available either for adding 
oxygen or removing nitrogen or carbon dioxide. 
Objective criteria are needed by which to evaluate 
aerators; these have been developed for both clean 
water conditions and field conditions.^-^^ Most have 
been developed for wastewater applications, how¬ 
ever, and may not be the most accurate or valid for 
use on aerators in aquaculture.^^ 

Performance testing methods depend on the aer¬ 
ator type. For some, such as gravity aerators, the 
difference in the gas concentration entering and 
leaving the aerator can be used. The gas exchange in 
a tank of a given size is used for testing the perfor¬ 
mance of surface aerators. Standardized set-ups and 
equations are available for testing the performance 
of aerators under laboratory conditions and with 
clean water. With dirty water, gas transfer will be 
reduced because the surfaces are contaminated, 
inhibiting gas transfer (see Chapter 7). Normally, 
the aerator is tested for oxygen, but other tests can 
be carried out, especially for nitrogen or carbon 
dioxide. A typical way to perform a standardized 
aeration test for oxygen is to remove all oxygen 
from the water with, for example, cobalt chloride 
and sodium sulphite,after which the aerator is 
started and the increase in oxygen concentration 
measured in relation to time. By doing this the 
value for the aerator may be found; this value also 
shows the performance of the aerator, a high 
value representing an effective aerator. Performance 
tests can also be carried out under field conditions. 


but the results are difficult to compare, because the 
water quality can vary from site to site, as can the 
starting saturation. 

The oxygen transfer rate gives the amount of oxy¬ 
gen transferred into the water through the aerator. 
If it is possible to measure the gas concentration 
entering and leaving the aerator, as for gravity aera¬ 
tors, the oxygen transfer rate can found directly by 
measuring the water flow (Q) and the difference in 
the oxygen concentration entering and leaving the 
aerator (C^^j-CJ.The oxygen transfer rate (OTR) 
can then be calculated from the following equation: 

OTR=a(Q,-Qj 

If is given in L/min, and C in mg O^/L, the fol¬ 
lowing equation can be used to find the OTR value 
in kg oxygen transferred per hour: 

OTR=3.6Q„(C„„.-Qj 


As discussed, this can be measured directly for 
gravity aerators, and also under field conditions 
(OTR^). 

For basin aerators a standardized test procedure 
may be used on clean water; the standardized 
oxygen transfer rate (SOTR) in kg/h is given by the 
following expression:^* 

SOTR=Al^,„Q„Fx10-* 


where represents gas transfer coefficient deter¬ 
mined for the aerating system at 20 °C (kg O^/h), 
equilibrium concentration at 20°C (g/m*), V tank 
volume (m*) and 10“* factor converting grams to 
kilograms. This test is performed with clean water, 
but compensating factors for water quality can be 
used to adapt it to field conditions.The following 
equation*'^ can be used to describe this: 


OTRj = SOTR 


c 




V 
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where OTR^ represents actual oxygen-transfer rate 
under field-operating conditions in a respiring sys¬ 
tem, SOTR standardized oxygen transfer rate 
(kg/h), a field correction factor (varies with type of 
aeration device, basin geometry, degree of mixing 
and wastewater characteristics), fi field correction 
factor for difference in oxygen solubility due to 
constituents of salt, particles and surface-active 
substances, 6 temperature correction factor (between 
1.015 and 1.040; typical value 1.024), concentra¬ 
tion of oxygen at full saturation and measured 
temperature, concentration of oxygen at full 
saturation at 20 °C and concentration of oxygen 
in the water that is aerated. 

All aerators require a supply of energy; this can 
be added directly (electricity) or it may be energy 
that is stored in the water (potential energy) as in 
gravity aerators. The potential energy can be uti¬ 
lized by sending the water from a high level to a 
lower level through a tower aerator. When choosing 
an aerator it is important that it uses the energy 
supplied as efficiently as possible to transfer the gas. 
The standardized aeration efficiency (SAE) or field 
aeration efficiency (FAE) in units of kg O^/kWh is 
used for this purpose; 

SAE = SOTR/Power input 
FAE = OTRj/Power input 

Another indicator variable is the oxygen transfer 
efficiency (OTE) in units of kg transferred per 
hour in relation to the added oxygen gas and the 
mass flow (m), measured either under standardized 
conditions (OTE) or in field conditions (OTE^). 
This indicates how effectively the added gas is 
transferred to the water and can be calculated from 
the following equations: 

OTE = SOTR/m 
OTEj = OTRj/m 

For some aerators, such as some gravity aerators, it 
is impossible to measure the oxygen flow rate 
because they are open to the atmosphere; the OTE 
value can then be measured instead. 

The effectiveness (E) of the aerator is another 
useful indicator that shows how effectively the gas 
is transferred into the water (in gassing) or super¬ 
saturated gas is removed from the water. The values 
will vary, depending on the gas. The effectiveness 


can also be used to compare aerators, but they must 
be tested in the same system and under indentical 
conditions: 

£ = (Q..-Cj/(Q.-CjxlOO 

where E represents effectiveness, concentration 
of gas in the liquid entering the aerator or before 
starting the aerator, concentration of gas in the 
liquid leaving the aerator or after using the aerator 
for a given period and concentration of gas at 
full saturation. 

The price of getting gas in or out of the water is 
the most important factor, and this also makes com¬ 
parisons of the methods possible. Included are both 
the aerator purchase price and the costs of running 
it in relation to the amount of oxygen transferred; 

Price for gas transferred in or out of the water 
= amount of transferred gas/equipment cost 
and running cost for the aerator 

12.4.3 Example of designs for different types 
of aerator 

Many types of aerators are available, and different 
classifications are possible depending on the design 
principles employed. One classification is surface, 
subsurface and gravity aerators,^ another is mechan¬ 
ical, gravity and air diffusion systems,^’ while a third 
is gravity, surface, diffusers and turbine aerators. 

In gravity aerators the water falls under gravity 
and air is mixed into it from the surrounding atmos¬ 
phere. The simplest type is an artificial waterfall. 
Gravity aerators require water with natural pressure 
(head); otherwise the water must be pumped up and 
into the aerator. In a surface aerator the water is 
sprayed or splashed into the air with a mechanical 
device; it functions on the same principle as a water 
fountain and creates a large surface area where gas 
exchange can occur. In subsurface aerators air is 
directed under the water surface, which creates air 
bubbles that move to the surface; the air bubbles in 
the water create a large gas transfer surface. 

The design of the aerator will, as mentioned 
before, vary depending on the main purpose of the 
aerator, whether designed for adding oxygen, or 
removing nitrogen or carbon dioxide. Even if all 
aerators have some effect on all the gases, the effect 
is not necessarily optimal. Below is a brief review of 
some major types of aerator. 
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Gravity aerators 

The packed column aerator is one of the most com¬ 
monly used in intensive fish farming (Fig. 12.4). A 
column is filled with a medium with a large specific 
surface area. A dispersal plate (perforated plate) 
installed at the top of the column, over the aeration 
medium, ensures proper distribution through the 
total cross-sectional area of the water that enters 
the top of the column. There is also a perforated 
plate in the bottom of the column to keep the 
medium stable inside. The water trickles down the 
column on the surface of the aeration medium in a 
thin film. This arrangement creates a large area 
between the flowing water and the air around it and 
ensures effective gas exchange. It is, however, 
important to get sufficient air into the aerator. An 
open structured column can therefore be advanta¬ 
geous, or a fan that blows air through the column 
can be used (see later). The aeration medium is 
commonly plastic, and it has a design that creates a 
large surface area per unit volume. The relation 
between the surface area (A) and the volume (VO is 
called the A/V condition for the medium. For effec¬ 
tive aeration media an A/V value of between 100 and 
200m^/m^ is normal; if the value is too high, the pos¬ 
sibilities for blockage of the column increase. To give 
satisfactory aeration under practical conditions the 
column should be up to 2 m in height. Flowever, this 
depends on the medium, the flow rate and the water 
temperature.^ The diameter of the column cylinder 
depends on the quantity of water to be aerated, but is 
normally between 30 and 100 cm. If the diameter is 
too small, the proportion of water that flows against 
the wall in the column, where reduced aeration is 
achieved, will increase; a design rule of thumb value 
is 0.5-1 L/min per cm^ cross-sectional area. The 
advantage of a column aerator compared with other 
aerators is the low surface requirement. Column 
aerators are effective, with reported SAE values of 
1.5-2.0kg Oj/kWh.^^ This type of aerator also shows 
quite good results for removal of nitrogen.^^ 

To remove carbon dioxide from the water is quite 
difficult because the amounts are so small (less than 
1% of the total gas volume) and it is rather more 
soluble than oxygen.’ Therefore, an aerator that is 
suitable for removing nitrogen and adding oxygen 
may not be so suitable for carbon dioxide removal. 
What is normally needed is a large flow of air 
through the water: 3-10 volumes of air for every 1 



Figure 12.4 Packed column aerator. 

volume of water flow treated has been suggested.’” 
Specially designed packed column aerators have 
proved effective for this purpose.” Either a long 
(several metres) packed column aerator or a short 
packed column with a fan blowing air through to 
increase the air flow can be used (Fig. 12.5). 

A packed column aerator may also be set under 
low pressure (vaccum aerator). The principle here is 
that the water is aerated in a low-pressure atmos¬ 
phere. Thus the amounts of gas that can be dis¬ 
solved in the water are reduced (Henry-Dalton law 
states that by reducing the pressure of the gas the 
amount of dissolved gases will be reduced) and it is 
possible to reduce the saturation in the water to 
below 100% by natural pressure. This method is 
especially useful when growing species that have a 
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Water supply Fan blowing 



Figure 12.5 Packed column suitable for removal of car¬ 
bon dioxide. 


low tolerance for supersaturation, such as marine 
fry.^^ Ejector aerators will also have this advantage. 

Traditional packed column aerators are normally 
placed a certain distance above a level basin to 
achieve the best possible air transport through the 
aerator. This is important for the aeration results. 
Normally the distance is set to 10 cm. However, too 
great a distance between column and basin must be 
avoided because if the water droplets from the aer¬ 
ator fall into the level basin with too high a velocity, 
air will be dragged into the water together with the 
water droplet and some supersaturation of nitrogen 
might result. This can be harmful to critical life 
stages, and is actually the same as occurs below a 
waterfall. 

Another much used aerator type is the cascade 
aerator (Fig. 12.6). Water is supplied at the top and 
flows over a series of horizontal perforated plates or 
trays placed on top of each other. Vertical distances 
between the trays are typically 10-25 cm, and the 
number of trays between 4 and 10.^* The effectiveness 
of the aerator increases with number of trays and dis¬ 
tance between them. At least 10 trays are recom¬ 
mended if using 10 cm between them. The water is 
distributed throughout the whole perforated tray and 
drops down from tray to tray until it reaches the level 
basin located underneath the last one. When the 
water flows down through the holes in the perforated 
trays, drops will be created and this ensures a large 
contact area between the air and the water. The space 
requirement for a cascade aerator is much higher 
than for the column aerator; the recommended 
hydraulic rate is down to one-twelfth of what is rec¬ 
ommended for a packed column aerator.^^ 

Typical SAE values for gravity aerators are in the 
range 0.6-2.4 kg O^/kWh. 





Figure 12.6 (A) Cascade aerator. (B) Aerator with 
blocks of tube formed plasfic nef. (C) It Is of major Impor¬ 
tance to create a large surface between the water and 
the air to ensure gas transfer. 
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Figure 12.7 Various types of surface 
aerator are available: (A, B) paddle 
wheel aerator; (C, D, E) propeller aerator; 
(F) Inka aerator. (D) A propellor aerator 
being used in a closed cage. 
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Subsurface aerators 

Diffusers are commonly used as subsurface aera¬ 
tors. A diffuser is a construction where small bubbles 
of gas are created: the simplest form is a tube with 
holes. If air is pumped in and the tube lowered 
under the water surface, the air will emerge into the 
water as bubbles. Tubes with many small holes may 
also be specially produced for use as diffusers; 
porous ceramic stones may also be used. The hydro¬ 
philic properties of the diffuser material are impor¬ 
tant for the release of the bubbles (see Chapter 7). 
A large transfer surface is created by air bubbles 
moving through the water. Bubble size depends on 
the difference in pressure inside the bubble and 
around the bubble. A high pressure difference gives 
smaller bubbles. Smaller bubbles will give a greater 
total surface area and by this gas transfer area (see 
Fig. 12.9). The ascent velocity is also slower for 
smaller bubbles, which increases the gas transfer 
rate.^^ SAE values vary from 0.6 to 2.0 depending on 
the bubble size,^ higher values being achieved with 
smaller bubbles.^^ However, bubbles that are too 
small will be forced together to create large bubbles, 
and are therefore not effective. As mentioned previ¬ 
ously, when mixing air under pressure, care should 
be taken to avoid supersaturation with nitrogen 
which may occur if air is to be added below a depth 
of 1.5-2m, or the pressure is over 0.15-0.2bar. 

In the Inka aerator the incoming water flows 
over a perforated plate in a thin layer (Fig. 12.7). An 
air blower supplies air from the underside. The air 
will create bubbles that flow through the thin water 
layer and aeration is achieved. An Inka aerator 
requires a large surface area but the head loss is 
very low. Therefore it may, for example, be installed 
under the roof on a fish farm. The aerator type is 
less used than those described previously, but is use¬ 
ful for special conditions. 

Venturi and airlift pumps are other principles 
that can be used for aeration where air bubbles are 
supplied into a water flow; SAE values are in the 
range 2-3.3 kg O^/kWh.^ 

Surface aerators 

Surface aerators are commonly used in ponds,^'*’^® 
but may also be used in large tanks, in distribution 
basins and in sea cages under special conditions 
(Fig. 12.7). A great number of different designs of 


surface aerators are available. Normal designs use 
rotating wheels with a type of paddle, or horizon¬ 
tally placed propellers. They function by throwing 
the water into the air and creating thin films or bub¬ 
bles. This establishes a large exchange surface area 
between water and air where gas exchange can take 
place. Surface aerators are driven by electricity, 
solar power or from tractors through a shaft; SAE 
values are between 1.2 and 2.9 kg O^/kWh.^ 


12.5 Oxygenation of water 

It is not possible to increase the amount of oxygen 
in water above equilibrium level with traditional 
aerators, so to do so requires the addition of pure 
oxygen gas. The addition of pure oxygen gas to the 
water is used in several cases. One is to increase fish 
production when there is not enough water. If the 
water has to be pumped to the farm, regardless of 
whether it is salt or fresh water, it may be viable to 
add pure oxygen to reduce the necessary water flow 
and hence reduce the pumping costs. Normally it is 
more economic to add pure oxygen instead of 
pumping, but a calculation must be made in every 
single case. In systems with re-use of water, it may 
also be worth adding pure oxygen to reduce the 
amount of new water and the amount of water 
pumped through the system. When transporting 
fish, pure oxygen is usually supplied. 

It is important that the water is fully saturated 
with oxygen before starting to add pure oxygen gas. 
An aerator should therefore be installed before the 
point where pure oxygen gas is added; if there is no 
aerator, pure oxygen is used to saturate the water up 
to equilibrium before starting to supersaturate. This 
is, in most cases, unnecessarily expensive, but calcu¬ 
lations can be made to evaluate cost-effectiveness. 

When the water is supersaturated with oxygen, free 
gas bubbles are present; if this water were to have a 
free surface to the atmosphere, there would be gas 
exchange and the oxygen content would fall to 100% 
saturation. Therefore free surfaces should be avoided 
after supersaturating the water with oxygen; the best 
method is to have a short pipe run from where the 
oxygen is added to where it reaches the fish, avoiding 
the use of bends where degassing may occur. 

An oxygenation plant may be designed either to 
cover the whole oxygen requirement for the fish or 
as a top-up oxygenation facility. The design criteria 
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for the oxygenation plant are determined by the 
condition where biomass and water temperature 
are highest. A complete oxygenation system for a 
fish farm includes (1) the injection system that 
brings the gas into the water and (2) the source of 
oxygen gas. 

12.6 Theory of oxygenation 

When water is oxygenated pure oxygen gas is 
added; by this, the saturation of oxygen in the water 
can be raised above the equilibrium level of 100%. 
The following prossesses are included in oxygena¬ 
tion (cf. aeration): (1) increase in the equilibrium 
concentration, (2) increase in the gas transfer 
velocity, and (3) addition under higher pressure. 

12.6.1 Increasing the eqnilibrium concentration 

Henry’s law can be used to describe what is 
happening: 

Pj = //Xj 

where p. represents partial pressure of gas i, H 
Henry’s constant and x amount of gas i in the liquid 
(mg/L). X. is the value of interest here. The oxygen 
content of air is 20% compared to a theoretical value 
of 100% for pure oxygen. The partial pressure (p.) 
with a pure oxygen atmosphere is therefore almost 
five times as high as when using an atmosphere of 
air. Since Henry’s constant does not vary, almost five 
times as much oxygen can be dissolved in the water 
by oxygenating in a pure oxygen atmosphere than 
when oxygenating in air. An example of this is the 
packed column aerator where the atmosphere inside 
is pure oxygen. 

12.6.2 Gas transfer velocity 

The same equation as for aeration can be used to 
describe the gas transfer: 

dc/dr = l^,^(C*-C„) 

where dc/dt represents change in concentration per 
unit time (i.e. velocity of gas transfer), diffusion 
coefficient, C* equilibruim concentration of the gas 
in the liquid and concentration of gas in the liq¬ 
uid at the start point. The equilibrium concentration 
C* for oxygen dissolved in water standing in a pure 
oxygen atmosphere will be higher than for water in 
normal atmosphere (see section 12.3.1, Henry’s 


law). Therefore the velocity of gas transfer into the 
water is greater, because the difference C*-C is 
larger. Less time is then needed to increase the con¬ 
centration of oxygen. 

12.6.3 Addition under pressure 

When using pure oxygen gas, it is possible to 
increase the pressure and thereby increase the 
amount dissolved in the water. As distinct from 
adding air under pressure, there is no possibility for 
supersaturation of nitrogen (which is toxic). Here, 
the Dalton and Henry-Dalton laws can be used to 
describe what is happening: 

Pi = Pty 

where p. represents partial pressure of gas i, p^ total 
pressure of a mixture of gases and y mole fraction 
of gas i (mol gas i/mol total gases). By increasing the 
total pressure in the oxygen gas above the water 
surface, the partial pressure also increases. 

Combining the Henry and Dalton laws, the 
following is obtained: 

p,y = //Xj 

where y represents mol gas i, p^ total gas pressure, 
H Henry’s constant and Xj amount of gas i in the 
liquid. The oxygen concentration in the liquid (x.) is 
of interest and will be increased by increasing the 
total pressure (pj of the oxygen gas. 

12.7 Design and construction 
of oxygen injection systems 

12.7.1 Basic principles 

In the injection system the oxygen gas comes from 
the source and is injected or mixed into the water. 
To transport as much gas as possible into the water, 
a special injection system is necessary. Oxygen gas 
can be mixed into water under normal or high pres¬ 
sure. With high-pressure oxygenation, the water is 
pressurized up to 4 bar (see conversion factor box 
below) before the oxygen is added, and more than 
500% supersaturation can be achieved without 
problems. When using normal pressure or low- 
pressure oxygenation (up to Ibar), 100-300% 
saturation can be achieved. Normal or low-pressure 
oxygenation is used on the main inlet pipe to the 
farm, while high-pressure oxygenation will nor¬ 
mally be carried out in a part flow divided from the 
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main flow because it is too costly to pressurize the 
main water inlet. Furthermore, it is easy to gener¬ 
ate a concentration of oxygen higher than either 
needed or recommended. Too high an oxygen 
concentration may damage the gills of the fish. 
When the water enters the fish tanks, the oxygen 
saturation is not recommended to be above 
150-200%, and even these concentrations have 
been called into question. However, practical 
experience shows that supersaturation really only 
occurs over a very short distance from the water 
inlet of the fish tank where the supersaturated 
water is supplied. 

The same design principles as for aerators can be 
used for the injection system. Either oxygen gas 
bubbles can be supplied into water or water drop¬ 
lets can be supplied into an atmosphere of pure 
oxygen. 


Conversion factors for pressnre units 

• 1 bar = 1 X 10® Pa = 10.19 mHp = 0.9869 atm 

• lPa = l X 10“^ bar =1.02 x 10^ mH20 = 9.861 x 
10^ atm 

• 1 mHp = 9806.65 Pa = 0.098 bar = 0.097 atm 

• 1 atm = 101 325 Pa = 1.01325 bar = 10.33 mH^O 


12.7.2 Where to install the injection system 

On a land-based fish farm oxygen gas can be added 
to the water in several places (Fig. 12.8): 

(1) To the main water inlet pipe to the farm 

(2) To a part water flow separated from the main 
inlet flow 

(3) Directly to the water in the fish tank 

(4) To an individual circuit where the water is 
supersaturated with oxygen. 

When adding oxygen to the main flow, the gas is 
added directly into the main pipeline to the farm. It 
is important to be aware that the oxygen gas added 
to the water needs space so the water flow through 
the pipe will be reduced, and this must be taken into 
consideration when specifying the inlet pipes. With 
this method it is difficult to increase the pressure 
in the water significantly because the equipment 
required to increase the pressure in the entire water 
supply will be very large and costly. 

Oxygenation of part of the water flow is carried 
out by diverting some of the water from the main 
pipeline into a smaller pipe. The pressure in this 


(A) 



(B) 



(C) 



(D) 



Figure 12.8 Oxygen can be injected: (A) into the main 
water iniet pipe to the farm; (B) into a part water fiow 
separated from the main iniet fiow; (C) directiy into the 
water in the fish tank; (D) into an individuai circuit untii 
the water is supersaturated with oxygen. 


smaller pipe is normally increased, before oxygen 
gas is added by means of a pump. The pump is nor¬ 
mally of the high-pressure centrifugal multistage 
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type. As the pressure in the water is increased to 2-4 
bar, a normal centrifugal pump is not powerful 
enough. After adding the oxygen gas, the pressure is 
reduced by a reduction valve; the water, which is 
now supersaturated with oxygen, is piped into the 
main flow. 

In the third method, oxygen is supplied directly 
to the fish tank either by direct addition via the inlet 
pipe to the tank or through diffusers at the bottom 
of the tank. The advantage with this method is that 
individual oxygenation of the separate fish tanks is 
possible; hence it is also possible to improve oxygen 
utilization because only the amount necessary for 
the fish in the tank is added. By having an oxygen 
meter in the outlet of the tank an acceptable value 
can be set (e.g. 7 mg/L) and a simple control system 
can be used to add the necessary oxygen. If the tem¬ 
perature increases or the fish grow faster, more 
oxygen will be added to avoid the oxygen level in 
the outlet dropping. Another advantage achieved 
by using diffusers directly at the bottom of the fish 
tank is that saturation in the tank will always be 
below 100%. It will therefore be easier to get the 
supplied oxygen into the water, because it is not 
being supplied against a large oxygen gradient as is 
the case when oxygenating supersaturated water 
(refer to value). 

When adding oxygen to a closed circuit, part of 
the inlet water to the farm is taken out and super¬ 
saturated with oxygen. This supersaturated water is 
then piped directly to each of the fish tanks on the 
farm through separate pipelines. The fish tank has 
two inlet pipes, one delivering aerated water at up 
to 100% oxygen saturation and another delivering 
water supersaturated with oxygen. Because it is 
possible to adjust the oxygen supply to the various 
tanks on the farm individually, good efficiency can 
be achieved. The major disadvantage of this method 
is the high cost of the additional piping needed. 

Oxygenation may be carried out in both fresh 
water and sea water. It is simpler to add oxygen to 
sea water because of its higher ion concentration. 
Oxygen microbubbles will be smaller in sea water 
than in fresh water because the surface tension is 
reduced.Small bubbles have a reduced ascent 
velocity and so the contact time will increase. In 
addition, the relative surface area is higher for small 
bubbles than for large ones. Hence the efficiency of 
mixing, and thus the necessary addition pressure, 
varies with the salt concentration. 


12.7.3 Evaluation of methods for injecting 
oxygen gas 

Many methods are available to inject oxygen into 
water, using both low and high pressure. To be able 
to evaluate the performance, evaluation methods 
are available as for aerators. As pure oxygen is 
much more expensive than air, its utilization is very 
important. This is given by the OTE, which is also 
known as the absorption efficiency,'’ and is the 
amount of oxygen dissolved in water in relation to 
the amount of oxygen supplied: 

Absorption efficiency = 

where represents concentration of oxygen 
before injection of oxygen, concentration of 
oxygen after injection of oxygen, water flow and 
mass flow of oxygen gas. Performance values 
ranging from a few percentage points up to 100% 
have been reported.'’ 

Another important parameter is oxygenation 
efficiency (OE), which is a measure of the amount 
of oxygen dissolved in relation to the power sup¬ 
plied. Normally, excess pressure is used to achieve 
high oxygen concentrations in the water and for this 
power is necessary, for example to run a high- 
pressure pump. This can be described as follows: 

Oxygenation efficiency = 

Power supply 

Units for OE are mg O^/kW. 

Most important, of course, is the amount of 
oxygen dissolved in the water in relation to the 
investment and running costs for the injection 
equipment; this is measured in mg O^ per unit cost. 

It is important to remember that it is the amount 
of oxygen available for the fish in the production 
unit that is of interest. For example, the absorption 
efficiency directly after the injection unit, which 
may be very high, is of no concern; neither are val¬ 
ues achieved in laboratories where all other factors 
are optimized in a way that is impossible to attain 
under real farming conditions. Several design fac¬ 
tors for the whole farm will have great influence on 
the efficiency of the oxygenation system, includinge 
the water transfer system and tank inlet design. No 
two farms will be exactly the same and this must be 
taken into account. Comparison of systems is there¬ 
fore not straightforward; tests must be performed 
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under exactly the same conditions and if possible 
on the site where the equipment is to be used. 

12.7.4 Examples of oxygen injection 
system designs 

A number of systems for injection of oxygen gas are 
available.*’ What distinguishes the methods from 
aeration is that the gas is injected under pressure, so 
the equipment is pressurized. Injection systems can 
be divided into high- and low-pressure systems, 
where the pressure in the former is above 1 bar. 

Low pressure 

Packed column: A simple way to add oxygen to the 
water is to substitute the air in a packed column 
aerator by pure oxygen, and aerate in a pure oxygen 
atmosphere (Fig. 12.9); there is no excess pressure. 
Under practical conditions, an oxygen saturation of 
two to three times the normal value is achievable by 
changing the atmosphere from air to pure oxygen. 
Theoretically the oxygen content should be up to 
five times as high as in air, but the time available for 
the gas to transfer into the water is normally a limi¬ 
tation. The air in a column aerator can easily be 
exchanged with pure oxygen by placing the lower 
end of the column in the water and feeding pure 
oxygen gas into the lower part of the column so that 
it flows up against the descending water. This results 
in good mixing of the water and oxygen. Eventually 
surplus oxygen that reaches the top of the column 
and is not dissolved in the water can be withdrawn 
through a special valve and recycled through the 
column inlet water to prevent any loss of pure oxy¬ 
gen gas. The amount of oxygen that can be trans¬ 
ferred into the water and the efficiency of oxygen 
supply can be increased if the column is pressurized; 
here the column is closed at the top and bottom. 
The pressure in such a system normally varies from 
0.2 to 0.5 bar excess pressure. 

Diffuser: A diffuser may also be used to supply oxy¬ 
gen gas to the water, in the same way that air is sup¬ 
plied for aeration (Fig. 12.9).The efficiency depends 
on the depth at which the oxygen is added; a greater 
depth will result in increased efficiency (see section 
12.3.1, Dalton’s law), a depth of at least 2 m being 
recommended. The diffusers can be either tubes or 
ceramic. It is important that the oxygen gas leaves 


the diffuser as small bubbles, because better mixing 
is achieved as a result of increased contact area and 
reduced ascent velocity.Usually diffusers are 
used to add oxygen to the production units in con¬ 
nection with transport or as security systems. This is 
normal procedure on almost all fish farms and for 
all fish transport. When using diffusers, the oxygen 
is normally supplied from gas bottles because the 
amounts are quite small. Diffusers are also used in 
normal production; one method is to have some 
central oxygenation of the incoming water and treat 
each tank individually by having a diffuser on the 
tank bottom. 

Diffuser placed directly in the inlet pipe: If oxygen is 
to be added to the fish tank directly through the 
inlet pipe, a diffuser is placed inside the inlet pipe 
after the regulating valve (Fig. 12.9). Such an oxy¬ 
genation system requires a correct design of inlet 
pipe to the tank (see Chapter 16). The water depth 
in the tank should be more than 1.5 m to give satis¬ 
factory pressure. The highest efficiency is seen when 
using this method in sea water because smaller bub¬ 
bles are created and because oxygen is more solu¬ 
ble in sea water than fresh water. With a direct 
supply via the inlet pipe the greatest advantage is 
that single tanks can easily be supplied with oxygen 
individually and a better total utilization of the 
added oxygen achieved. 

High pressure 

There are various methods utilized for injecting 
oxygen gas into the water under high pressure. Two 
of the most commonly used are the oxygen cone 
and deep wells, while others employ different types 
of injector. 

Oxygen cone: In the oxygen cone the oxygen gas 
and water enter at the top through different pipes 
(Fig. 12.10). The oxygen will be pushed down in the 
cone because of the water flow and a large oxygen 
bubble, actually a layer of oxygen gas, will be cre¬ 
ated lower down in the cone. The water will flow in 
small drops through this layer, creating an environ¬ 
ment with water drops flowing through a pure oxy¬ 
gen atmosphere. Since the pressure inside the cone 
can be up to 5 bar, good gas transfer is achieved and 
because of this quite good efficiency. After flowing 
through the oxygen layer, the oxygenated water will 
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flow out from the bottom of the cone. However, if 
the cone is ‘overloaded’ with water, the oxygen 
layer will be pushed down to the lower end of the 
cone, perhaps also through the cone outlet and effi¬ 
ciency is reduced. Because of the high pressure used 
inside the cone to transfer oxygen gas into the 



Figure 12.9 Methods for low-pressure injection of pure 
oxygen gas: oxygen diffuser in the iniet pipe of the tank 
(A), on the bottom of the tank (B and D) with different bub¬ 
ble size (E) and in the iniet pipe to the farm (C). 


water, the pressure of the water must be increased 
before it enters the cone. To do this, part of the 
water flow is piped from the main pipeline, and a 
high-pressure centrifugal pump used to increase the 
pressure in this part flow before it enters the cone. 
After leaving the cone, having been supersaturated 
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Oxygen supply 


i 




Figure 12.10 Oxygen cones and oxygen wells are typical systems for Injecting oxygen gas Into water under high 
pressure: (A) oxygen cone cross-section; (B) oxygen well cross-section; (C) cones in situ; (D) locked column. 


with oxygen, the water is returned to the main flow. 
However, the water pressure must be reduced by 
passage through a pressure reduction valve before 
entering the main flow again. 

Oxygen wells: Oxygenation in wells is sometimes 
used and gives quite good efficiencies (70-90%) 


(Fig. 12.10). Well design varies, but the main pur¬ 
pose is to mix oxygen and water at quite large 
depths where the high pressure together with effec¬ 
tive mixing ensures good efficiency. One method 
that utilizes this principle is the U tube. Oxygen gas 
in injected into the water before it flows into the 
U tube. At the bottom of the U the pressure will be 
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increased depending on the depth of the U; 10-30 m 
is usual. The construction ensures effective mixing 
by creating turbulence between the oxygen gas and 
the water and the gas bubbles now dissolve. The 
same principle is used when oxygen is added 
directly into a deep-water intake. In land-based fish 
farms in Norway this system has been used with 
direct addition of oxygen to the inlet pipe at depths 
of 20-30 m. Here the pressure is high and good 
transfer of oxygen gas into the water is achieved. 

When using such methods it is important to be 
aware that the water flow rate through the pipe will 
be reduced because the oxygen gas takes up space 
and the real cross-sectional area where the water 
flows is reduced. If the water is sent to a pump after 
injection of oxygen, care must be taken because 
conditions are now optimal for cavitation with gas 
bubbles that may implode as the water passes 
through the pump. 

Oxygenation in sea cages 

Recent research has shown that lack of oxygen may 
occur in sea cages, possibly as the result of algal 
blooms in the area where the cages lie. The oxygen 
concentration may be reduced to below 70% satu¬ 
ration at the end of dark nights because both fish 
and algae use oxygen during the night. The condi¬ 
tions can be so bad that the effects of current- 
induced water exchange cannot meet the reduced 
oxygen concentration caused by the algal bloom. 

Lack of oxygen may also be caused by high tem¬ 
peratures and high fish densities in sea cages. The 
oxygen consumption of the fish increases with tem¬ 
perature and at the same time the oxygen content 
of the water is reduced; in such cases the lack of 
oxygen will be local to the cage. However, if the 
water current increases, more oxygen-rich water 
can be transported to the cage; a propeller may 
therefore be used to create an artificial current to 
increase the supply of oxygen-rich water. 

It is difficult to monitor the oxygen concentration 
in a sea cage in a representative way, because the 
cage can be large and there may be individual vari¬ 
ations within the cage, mainly due to the depth. 
Several oxygen meters could therefore be 
advantageous. 

When pure oxygen gas is to be added to the cage, 
oxygen diffusers can be lowered into the cage. It is 
very advantageous to create an equal pressure on 


the diffuser, so that an equal amount of oxygen gas 
is released all around the cage. Because it is impor¬ 
tant to have an even distribution of added oxygen, 
specially designed diffusers are recommended. 

12.8 Oxygen gas characteristics 

Oxygen gas (O^) has a boiling point of -183°C at 
normal atmospheric pressure. If the pressure is 
increased, the boiling point will also increase. At 
normal temperatures, is therefore only available 
in gas form. Liquid oxygen is light blue in colour and 
without odour; the density of the liquid is 1.15 x 10^ 
kg/m^ at boiling point, while the density of the gas is 
1.36 kg/m^ at 15 °C and normal atmospheric pres¬ 
sure. One litre of liquid oxygen will therefore expand 
820 times when changing phase to gas at 15°C. 

Liquids with boiling point below -100 °C are 
commonly called cryogenic liquids. Handling cryo¬ 
genic liquids involves certain elements of risk: 

• Extremely low temperature can result in frost 
injuries on the skin when handling; the cold gas 
may also cause internal injuries. 

• Materials that come into contact with the liquid 
easily become brittle. 

• There is a danger of explosion when uncontrolled 
transformation from liquid to gas is allowed to 
occur in closed volumes. 

By itself, is inflammable but oxygen supports a 
fire and is normally the limiting factor for fire devel¬ 
opment. If much oxygen is available in the atmos¬ 
phere, only a small spark can create an explosive 
fire. Care should therefore be taken when handling 
oxygen gas. 

12.9 Sources of oxygen 

Oxygen gas may be delivered from oxygen produc¬ 
ers, either as compressed gas in bottles or as liquid 
oxygen, which the farm transforms to gas under 
controlled conditions. This oxygen is produced in 
special factories that produce only oxygen. Whether 
gas or liquid, commercially produced oxygen is 
characterized by high purity (>99%) and the pres¬ 
ence of a small amount of other gases. 

The other alternative is on-site production of 
oxygen, i.e. the oxygen is produced at the farm with 
air as the source. 
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Figure 12.11 Compressed oxygen gas in high-pressure 
botties, either suppiied singiy or in a battery of 12. 


12.9.1 Oxygen gas 

Oxygen gas may be delivered as compressed gas in 
bottles. In Norway the bottles are blue and can be 
delivered as single bottles or in batteries, normally 
of 12 (Fig. 12.11). The usual pressure inside an 
oxygen gas bottle is as high as 200 bar; the bottle 
contains 50 L of compressed gas at this pressure and 
this gives 10 000 L gas at normal atmospheric 
pressure. On the top of the bottle there is a pressure 
reduction valve. A manometer, also on the top of 
the bottle, shows the internal pressure; this also 


indicates the amount of gas remaining in the bottle, 
because the pressure inside the bottle will decrease 
as oxygen is released. The bottles are normally 
rented from the oxygen producers, one reason being 
that the producer will ensure the bottles are prop¬ 
erly maintained. The price of oxygen gas depends 
on the distance from the oxygen production site 
amongst other things. Pressurized bottles represent 
a real danger, for instance in connection with a 
fire. It is therefore advisable not to have too many 
bottles on the farm, and if possible to place them 
outside; legal restrictions may limit the number of 
gas bottles that can be stored inside buildings. 


12.9.2 Liquid oxygen 

Liquid oxygen (LOX) is produced in special factories 
and transported to the farms by truck or boat in spe¬ 
cial tanks. On arrival, the liquid oxygen is transferred 
to the farm’s specially designed tank for storage 
(Fig. 12.12). The usual tank size for storing liquid 
oxygen is between 2 and 50 ml The oxygen is stored 
in the tank as liquid with a temperature below the 
boiling point and pressure of 15-25 bar. 

The pressure in the liquid oxygen tank will stay 
constant. An internal evaporator system, normally 
placed under the liquid tank, ensures this. Liquid 
oxygen is taken from the tank, goes through the 
evaporator where the liquid is transformed to gas, 
and back again as gas into the top of the tank. The 
expansion when oxygen goes from liquid to gas is 
utilized in this process and maintains the pressure 
in the tank. The tank is fitted with a safety valve to 
prevent it exploding, because even though the tank 
is constructed of two shells with space between 
them, it is impossible to achieve 100% effective iso¬ 
lation of the tank. Therefore some liquid will always 
evaporate to gas inside the tank. With the large 
expansion in volume when changing phase from 
liquid to gas, the tank will easily blow if nothing is 
done, which is where the safety valve comes into 
play. If daily use of oxygen from the tank is too low, 
oxygen gas will pass through the safety valve and 
into the atmosphere. Normally 0.1-0.6% of the tank 
volume must be used daily, depending on tank size, 
to avoid loss of oxygen through the safety valve to 
the atmosphere. This also shows the importance of 
choosing a tank of the correct size. 

When the farm uses oxygen from the tank, it is 
drained as liquid from a pipe near the bottom of the 
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Safety valve 



Figure 12.12 Oxygen can be stored 
as liquid in special tanks at the farm 
and a cold-gas evaporator ensures 
that the liquid oxygen is transformed 
to gas before entering the fish tanks. 
The schematic shows the principle; 
the photograph shows a tank in situ. 


tank. Because of the pressure in the tank, the liquid 
oxygen will be forced out through the outlet pipe 
and into the evaporator when the outlet valve is 
opened. In the evaporator liquid oxygen changes 
phase to gas. The gas is transported from the 
evaporator through a pipe and into the farm’s oxy¬ 
gen injection system. 


The evaporator is known as a cold gas evaporator 
and must be designed according to the farm’s oxy¬ 
gen consumption. It functions as a heat exchanger 
transferring heat from the air into the oxygen liquid 
(air-liquid exchange). It is important to have a large 
surface area so that there is a large contact area 
between the air and the oxygen. Usually at least 

















































































Aeration and Oxygenation 


175 


two evaporators are installed; one runs while the 
other is switched off. The evaporator takes energy 
from the air and after a while is totally covered with 
ice. This is due to the temperature drop in the sur¬ 
rounding air and the humidity in the air will freeze 
to ice on the evaporator surface. Deicing is there¬ 
fore necessary and is the reason for at least two 
evaporators being required. 

The liquid oxygen tank should be placed outside 
on a concrete base and be fenced in. In addition, 
there should be a safety zone around the tank. 
Oxygen tanks are rented from the oxygen suppliers 
for safety reasons. With online measurement of the 
remaining oxygen content in the tank by the 
supplier, it is also possible for the supplier to 
automatically replenish the oxygen before the tank 
is empty. It is then not necessary for the fish farmer 
to keep control of this. 

12.9.3 On-site oxygen production 

The alternative to buying oxygen from a producer is 
to have on-site production facilities (Fig. 12.13). Air 
contains 78% nitrogen, 21% oxygen, 0.9% argon 
and 0.1% of other gases by volume (see Table 12.1). 
In a specially designed adsorption unit it is possible 
to remove the nitrogen and some of the other gases 
from the air, leaving mainly oxygen. The adsorption 
unit is fed by compressed air from a compressor; dif¬ 
ferent names are used (oxygen generator or Xorbox) 
according to the producer. Put simply, it is a unit that 
filters air and lets only oxygen pass. The process is 
known as pressure swing adsorption (PSA). 

The compressed air passes into an adsorption 
unit that is normally filled with clinoptilolite, a 
natural zeolite (a clay mineral). To describe the 
construction and function in detail is beyond the 
scope of this book but a brief and simplified 
description is as follows. The crystals in the filter 
material form a latticework where the nitrogen 
molecules are trapped. Oxygen molecules, which 
are large, do not fit into the latticework and pass 
through; almost pure oxygen is produced. Provided 
that the filter medium is not contaminated with oil 
or water from the compressor, it is quite durable. 
An inlet air filter must be used and cleaned at reg¬ 
ular intervals. A normal generator used for aqua¬ 
culture can reach a purity of 95% oxygen, the rest 
being argon (4%) and nitrogen (1%). Special units 
may achieve 99 % oxygen purity, but they are very 
expensive and not viable for on-site installation in 


fish farming. The efficiency of the filter gradually 
decreases. After a period the filter medium will 
become saturated with nitrogen. Nitrogen gas will 
then follow the oxygen gas out of the generator 
and to the fish. For this reason two columns are 
always used in alternation: one is used and the 
other is regenerated. When a column is regener¬ 
ated, air is ‘driven’ through the column in the 
opposite direction, and the nitrogen is blown out 
to the atmosphere. 

An oxygen generator normally delivers oxygen 
gas with a maximum pressure of 4 bar. This must be 
taken into consideration because some of the equip¬ 
ment for injecting oxygen gas into water may require 
higher pressure. If so, a specially designed oxygen 
compressor must be used after the oxygen generator. 
After the generator there must be a storage tank for 
the oxygen produced to ensure pressure equaliza¬ 
tion. From this tank the oxygen is tapped and used 
for injection into the water on the farm. 

When a generator has been in use for some years 
(depending on type of equipment and running time) 
the purity of the delivered oxygen will fall to 80-85%. 
The amount of nitrogen gas will also increase, 
which can be toxic to the fish. If the oxygen gas is sup¬ 
plied under high pressure, there will be possibilities 
for supersaturation of nitrogen. Maintenance and 
replacement or cleaning of the filter medium inside 
the columns must then be carried out. It is therefore 
important to sample the oxygen gas from the genera¬ 
tors at fixed intervals and measure its purity. An easy 
way to do this is to collect a sample of the oxygen gas 
in a plastic bag. The oxygen meter that is used to 
measure the content of oxygen in the water on the 
farm can then be used to measure the approximate 
oxygen purity. This is done by first adjusting the meter 
to show 21 % purity in air; when the oxygen probe is 
put into the plastic bag, it will show the purity of the 
oxygen gas sample directly, for instance 95%. 

12.9.4 Selection of source 

The choice of oxygen source depends on several 
factors. If oxygen consumption is very low or if oxy¬ 
gen is only used for security purposes, it is normal 
to use gas bottles. Otherwise there is a choice 
between purchasing liquid oxygen and on-site pro¬ 
duction. If only the price of oxygen is considered, 
on-site production will in almost every case be 
cheaper. However, the reliability, maintenance costs 
and necessary back-up system often cause farmers 
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(A) 


Oxygen gas to 
holding tank 





Figure 12.13 On-site production of oxygen from air 
using an oxygen generator. Principie (A), the air 
production unit and the two adsorption units (B) in a 
cabinet and shown with a bottie of compressed oxygen 
as security (C). 


to buy liquid oxygen from commercial producers 
because they guarantee the oxygen supply. Other 
important factors when choosing are the distance 
to the oxygen production factory, infrastructure for 


transport of liquid oxygen, and the price of elec¬ 
tricity. The amount of electric energy used for 
production of oxygen gas is size-dependent; larger 
generators are more efficient than smaller ones. 
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Appendix 12.1 


Solubility of oxygen in water at different temperature and 
salinity with normal atmospheric pressure (1013 mbar). 


Temperature (°C) 

Salinity, parts per thousand (ppt) 

0 

10 

20 

30 

40 

0 

14.6 

13.6 

12.7 

11.9 

11.1 

2 

13.8 

12.9 

12.1 

11.3 

10.5 

4 

13.1 

12.3 

11.5 

10.7 

10 

6 

12.4 

11.6 

10.9 

10.2 

9.6 

8 

11.8 

11.1 

10.4 

9.8 

9.1 

10 

11.3 

10.6 

9.9 

9.3 

8.7 

12 

10.8 

10.1 

9.5 

8.9 

8.4 

14 

10.3 

9.7 

9.1 

8.6 

8.0 

16 

9.9 

9.3 

8.7 

8.2 

7.7 

18 

9.6 

8.9 

8.4 

7.9 

7.4 

20 

9.1 

8.6 

8.1 

7.6 

7.2 

22 

8.7 

8.2 

7.8 

7.3 

6.9 

24 

8.4 

7.9 

7.5 

7.1 

6.7 

26 

8.1 

7.7 

7.2 

6.8 

6.5 

28 

7.8 

7.4 

7.0 

6.6 

6.3 

30 

7.6 

7.2 

6.8 

6.4 

6.1 


Appendix 12.2 

Bunsen’s coefficient for oxygen as a function of tempera¬ 
ture and salinity. 


Salinity, parts per thousand (ppt) 


Temperature (°C) 

0 

10 

20 

30 

40 

0 

0.049 

0.046 

0.043 

0.040 

0.037 

2 

0.047 

0.043 

0.041 

0.038 

0.036 

4 

0.044 

0.041 

0.039 

0.036 

0.034 

6 

0.042 

0.039 

0.037 

0.034 

0.032 

8 

0.040 

0.037 

0.035 

0.033 

0.031 

10 

0.038 

0.036 

0.034 

0.032 

0.030 

12 

0.036 

0.034 

0.032 

0.030 

0.028 

14 

0.035 

0.033 

0.031 

0.029 

0.027 

16 

0.034 

0.032 

0.030 

0.028 

0.026 

18 

0.032 

0.030 

0.029 

0.027 

0.025 

20 

0.031 

0.029 

0.028 

0.026 

0.025 

22 

0.030 

0.028 

0.027 

0.025 

0.024 

24 

0.029 

0.027 

0.026 

0.024 

0.023 

26 

0.028 

0.026 

0.025 

0.024 

0.022 

28 

0.027 

0.026 

0.024 

0.023 

0.022 

30 

0.026 

0.025 

0.024 

0.022 

0.021 


Appendices based on: 

Benson, B.B. & Krause, D. (1984) The concentration and 
isotopic fraction of oxygen dissolved in freshwater and 
seawater in equilibrium with the atmosphere. 
Limnology and Oceanography 29:620-632. 

Colt, J. (1984) Computation of Dissolved Gas Concentration 
in Water as a Function of Temperature, Salinity and 


Pressure. American Fisheries Society Special Publication 
No. 14. American Fisheries Society, Bethesda, MD. 
Weiss, R.F. (1970) The solubility of nitrogen, oxygen 
and argon in water and seawater. Deep-sea Research 17: 
721-735. 


References 

1. Colt, J. & Orwicz, K. (1991) Aeration in intensive 
aquaculture. In: Aquaculture and Water Quality. 
Advances in World Aquaculture,Yol. 3 (eds D.E. Brune 
& J.R. Thomasso), pp. 198-271. World Aquaculture 
Society, Louisiana State University. 

2. Fivelstad, S., Haavik, H., Lpvik, G. & Olsen, A.B. 
(1997) Sublethal effects and safe levels of carbon 
dioxide in seawater for Atlantic salmon postsmolts 
(Salmo salar L.): ion regulation and growth. 
Aquaculture 160:305-316. 

3. Tucker, J.W. (1998) Marine Fish Culture. Kluwer 
Academic Publishers, Dordrecht. 

4. Bergheim, A., Gausen, M., Naess, A., Krogedal, P, 
Hplland, P. & Crampton, V. (2006) A newly developed 
oxygen injection system for cage farms. Aquacultural 
Engineering 34:40-46. 

5. Colt, J. (1986) Gas supersaturation: impact on the 
design and operation of aquatic systems. Aquacultural 
Engineering 5:49-85. 

6. Colt, J. & Watten, B. (1988) Application of pure oxygen 
in fish culture. Aquacultural Engineering 7:397-441. 

7. Colt, J. (1984) Computation of Dissolved Gas 
Concentration in Water as a Function of Temperature, 
Salinity and Pressure. American Fisheries Society 
Special Publication No. 14. American Fisheries 
Society, Bethesda, MD. 

8. Gebauer, R., Eggen, G, Hansen, E. & Eikebrokk, B. 
(1992) Oppdrettsteknologi: vannkvalitet og vannbe- 
handling i lukkede oppdrettsanlegg. Tapir forlag [in 
Norwegian]. 

9. Mackay, D. & Shiu, W.U. (1984) Physical-chemical 
phenomena and molecular properties. In: Gas 
Transfer at Water Surfaces (eds W. Brutsaert & G.H. 
Jirka), pp. 3-16. D. Reidel, Dordrecht. 

10. Lincoff, A.H. & Gossett, J.M. (1984) The determina¬ 
tion of Henry’s constant for volatile organics by equi¬ 
librium partitioning in closed systems. In: Gas Transfer 
at Water Surfaces (eds W. Brutsaert & G.H. Jirka), 
pp. 17-25. D. Reidel, Dordrecht. 

11. Tchobanoglous,G., Burton, FL. & Stensel, D.H. (2002) 
Wastewater Engineering. McGraw-Hill, New York. 

12. Boyd, C.E. & Watten, B.J. (1989) Aeration systems in 
aquaculture. Reviews in Aquatic Science 1: 425-472. 

13. Colt, J. (2000) Aeration systems. In: Encyclopedia of 
Aquaculture (ed. R.R. Stickney). John Wiley & Sons, 
Inc., New York. 

14. Stenstrom, M.K. & Gilbert, R.G (1981) Effects of alpha, 
beta and theta factor upon the design, specification and 
operation of aeration systems. Water Research 15: 
643-654. 



178 


Aquaculture Engineering 


15. Boyd, C.E. & Tucker, C.S. (1998) Pond Aquaculture 
Water Quality Management. Kluwer Academic 
Publishers, Dordrecht. 

16. Shelton, J.L. & Boyd, C.E. (1983) Correction factors 
for calculation of oxygen-transfer rates of pond aera¬ 
tors. Transactions of the American Fisheries Society 
112 : 120 - 122 . 

17. Lawsons, T.B. (2002) Fundamentals of Aquacultural 
Engineering. Kluwer Academic Publishers, 
Dordrecht. 

18. Wheaton, F.W. (1977) Aquacultural Engineering. 
R. Krieger Publishing Company, Malabar, FL. 

19. Bouck, G.R., King, R.E. & Bouck-Scmidt, G. (1984) 
Comparative removal of gas supersaturation by 
plunges, screens and packed columns. Aquacultural 
Engineering 3:159-176. 


20. Summerfelt, S.T. (2000) Carbon dioxide. In: 
Encyclopedia of Aquaculture (ed. R.R. Stickney). 
John Wiley & Sons, Inc., New York. 

21. Summerfelt, S.T., Davidson, J. & Waldorp, T. (2003) 
Evaluation of full-scale carbon dioxide stripping col¬ 
umns in coldwater recirculation systems. Aquacultural 
Engineering 28:155-169. 

22. Huguenin, J.E. & Colt, J. (2002) Design and Operating 
Guide for Aquaculture Seawater Systems. Elsevier 
Science, Amsterdam. 

23. Lunde, T. (1987) Oksygenering. In: Vannrensing ved 
akvakulturanlegg. NIF kurs [in Norwegian]. 

24. Boyd, C.E. (1998) Pond water aeration systems. 
Aquacultural Engineering 18:9-40. 

25. Cancino, B., Rothe, P. & Reuss, M. (2004) Design of 
high efficiency surface aerators. Aquacultural 
Engineering 31:83-98. 



13 

Ammonia Removal 


13.1 Introduction 

In aquaculture it is often necessary to reduce the 
concentration of ammonia in the water because it is 
toxic for the fishd^ It is particularly important when 
re-using water (see Chapters 14 and 15) or when 
transporting fish long distances without changing 
the water, since the fish produce ammonium com¬ 
pounds as a metabolic waste product. 

In water there is an equilibrium between the con¬ 
centrations of ammonium ion (NH+) and ammonia 
(NH 3 ) (Fig. 13.1): 

NH3 -t ^ NH; 

This equilibrium depends on pH. The sum of NH 3 
and NH+ is known as the total ammonia nitrogen 
(TAN). Because of the equilibrium between NH 3 
and NH+, reducing one of them automatically 
reduces the other. NH 3 is the more toxic substance 
for fish, and therefore is the substance of interest. 

This chapter provides an overview of the most 
common methods for ammonia nitrogen removal in 
fish farming, including biological and chemical pro¬ 
cesses. There are also a number of other possible 
methods for removal of ammonia, such as ammonia 
stripping, break-point chlorination, membrane 
filtration and addition of ozone, but these methods 
are not commonly used in aquaculture. Much infor¬ 
mation is available about this subject in the general 
literature for municipal wastewater treatment.**’ 
Removal of nitrogen from municipal wastewater 
has become more and more important during the 


past few years. In aquaculture the subject has also 
become more important due to the increase in 
water re-use systems.**^^ However, there are differ¬ 
ences in these systems because of the great variation 
in organic load (COD). In some systems the main 
aim is to reduce the chemical oxygen demand 
(COD). This will also give a reduction in ammonia 
nitrogen, but it is not as effective as in systems where 
the main aim is to reduce TAN, as in aquaculture. 

13.2 Biological removal 
of ammonium ion 

When using a biological filter, bacteria are used to 
oxidize ammonium to nitrite and nitrate, and 
perhaps further to molecular nitrogen (see also 
Chapter 15 for different bacteria). The bacteria 
create a biofilm. Three processes comprise the 
biological removal of ammonium: 

(1) Transfer of NH+ (ammonium ion) to NO^^ 
(nitrite) 

(2) Transfer of NO^^ (nitrite) to N 03 “ (nitrate) 

(3) Transfer of N 03 “ to N^ (molecular nitrogen). 

The first two processes are carried out simultane¬ 
ously and are known as nitrification; the process is 
performed in a nitrification filter. The third process 
is denitrification and is performed in a denitrifica¬ 
tion filter. The first two are aerobic, so air must be 
added. The last process is anaerobic so air must be 
removed from the water. Two different filters 
involving different bacteria are therefore used. In 
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Figure 13.1 The equilibrium between 
the concentrations of ammonium (NH+) 
and ammonia (NH 3 ) is pH dependent. 


most cases only the nitrification process will be 
needed for aquaculture purposes, because fish have 
a higher tolerance for nitrate than for ammonia. 
Very high degrees of water re-use and high fish 
densities might require a denitrification filter, but 
knowledge of denitrification filter function and 
optimization for fish farming is scant. 


13.3 Nitrification 

The nitrification process is carried out in two steps 
and is performed by bacteria which oxidize ammonia. 
These bacteria are autotrophic and use as oxidiz¬ 
ing agent and CO^ or HCOj as a carbon source for 
growth. NH+ is transformed to NO” by Nitrosonionas 
bacteria and then to NO” by Nitrobacter bacteria. 
Both of these processes require energy that is sup¬ 
plied by oxidation of the substrate. The chemical 
processes involved are as follows: 

NH; O 2 ^ NO 2 + 21V + HjO 
NOj -I- V 2 O 2 N03“ 

The bacteria grow in the biofilm on the filter 
medium. Nitrification takes place in this film so the 
biofilm must be established for the nitrification 
filter to function. The process creates more biofilm 
as the bacteria grow and divide, and the cell mass 
increases. This cell mass can be described chemically 


as CjH^NOj. The processes including creation of 
cell mass can then be described as follows.^ 

Step 1 using Nitrosonionas bacteria: 

55NH; -t 5 CO 2 -t 76 O 2 ^ C5H,N02 -t 54NO“ 

-t 109 -t 52 H 2 O 
Step 2 using Nitrobacter bacteria: 

4OONO2 -t 5CO2 -t 76O2 ^ C5H7NO2 
-t 4 OONO 3 -t H* 

The effectiveness of a nitrification filter can be 
described by the nitrification rate, defined as the 
amount of ammonium oxidized per unit biofilm 
surface area and unit time (mg NH+/m^ per min). 
The efficiency of the nitrification process and the 
establishment of the biofilm process depend on sev¬ 
eral factors.^^ It is important that the bacteria grow 
as optimally as possible. 

The following important factors regulate the 
growth of the bacterial culture: 

• Concentration of ammonia 

• Temperature 

• Oxygen concentration 

• pH 

• Salinity 

• Organic substances 

• Toxic substances. 

One of the main factors affecting bacterial growth 
is the amount of ammonia in the water. In fish 
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farming this concentration is normally too low for 
maximal growth, compared with municipal waste- 
water for instance where the same processes are 
used. Generally values above 3 mg ammonium 
nitrogen per litre are recommended for maximal 
growth.Excessively high values may inhibit 
bacterial growth. 

Since these bacterial cultures requires oxygen 
to grow, and for them to transform ammonia 
to nitrate, it is important that sufficient oxygen 
is available throughout the entire nitrification 
process. Experiments have demonstrated a reduc¬ 
tion in Nitrosomonas activity with oxygen levels 
below 4mg/L, while the corresponding value for 
Nitrobacter is 2mg/L.“ This will normally not 
represent any problem in aquaculture due to the 
high oxygen concentration in the outlet water and 
because additional oxygen is typically added through 
the supply of air. 

Bacterial growth rate depends on the tempera- 
ture.^^“^^ Bacterial activity occurs from 0 to 30 °C 
and increases with temperature: the optimal range 
is around 30 °C. Temperatures that are too high will 
result in mortality. However, the bacteria may 
acclimate to lower temperatures over time, so high 
bacterial activity can also be achieved at lower tem¬ 
peratures. If the temperature reaches values below 
5 °C growth will be slow and it will be difficult and 
time-consuming to establish new bacterial cultures. 
It is difficult to give general values for the nitrifica¬ 
tion rate in relation to temperature, due to both 
acclimation and the number of other factors affect¬ 
ing bacterial metabolism (Table 13.1). 

Nitrification also depends on the pH of the water; 
optimal values are between 8 and 9.^® It was shown 
experimentally that the nitrification rate decreased 
by 90% when the pH was reduced from 7 to It is 
important to remember that hydrogen ions (H+) are 
produced in the nitrification process and, depend¬ 
ing on the buffering capacity of the water, may 
reduce the pH. If the loads on the biofilter are high, 
systems for adjusting the pH are necessary; addition 
of lime is an example. 

The presence of organic matter can inhibit the 
functioning of the nitrification filter (see also 
Chapter Other bacterial cultures may start 

to grow inside the filters in competition with nitrifi¬ 
cation bacteria. Heterotrophic aerobic bacteria may 
use the organic matter as a carbon source and 
replace the nitrification bacteria because they have 


Table 13.1 Large variations in nitrification rates are 
observed at different temperatures and in different exper¬ 
iments. The average of vaiues from refs 13, 16 and 17 
are shown. 


Temperature (°C) 

Nitrification rate (g NH^m^ per day) 

5 

0.3 

10 

0.5 

15 

0.8 

20 

1.0 


a faster growth rate.^^ Nitrification will be reduced 
by increasing the carbon/nitrogen ratio;^^74 ^ 
60-70% reduction in nitrification rate was observed 
when increasing the chemical oxygen demand/ 
nitrogen ratio from 0 to 3 for a substrate containing 
10mgTAN.‘7s 

Some substances may be toxic to nitrification 
bacteria and may kill or inhibit the bacterial 
culture in the biofilter. These can include metal 
ions, organic substances or medicaments such as 
formaldehyde.^'’-^^ 

Salinity affects the nitrification rate because the 
chloride ions inhibit bacterial growth. For this 
reason nitrification is faster in fresh water than in 
sea water.^*79 

Nitrification filters need to be shielded from 
light, because it may reduce nitrification.Pred¬ 
ators may also have a negative influence. 

The problem about giving reliable values for the 
nitrification rate is, of course, that all the factors 
affect each other. For this reason it is also normal 
to incorporate high safeguards when designing 
nitrification filters. 


13.4 Construction of nitrification 
filters 

The main purpose when constructing a nitrification 
filter is to create a surface for optimal growth of the 
biofilm. Depending on the construction and the fil¬ 
ter medium on which the biofilm is established, it is 
possible to distinguish four types of biological 
filter: 

(1) Flow-through system 

(2) Bioreactor 

(3) Fluid bed/active sludge 

(4) Granular filters/bead filters. 
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Figure 13.2 Different designs of biofiiter with a fixed medium: (A) trickiing fiiter; (B) submerged up-flowing fiiter; 
(C) up-flowing fiiter in use. 


13.4.1 Flow-through system 

The flow-through system may be divided into three 
types depending on how the water flows through 
the filter medium (Fig. 13.2): 

(1) Trickling filter 

(2) Submerged up-flowing system 

(3) Submerged down-flowing system. 

In a trickling filter, the water trickles through the 
filter medium where the biofilm is established.^^^^^ 
The filter medium is located above the surface of 
the water and it is very similar to a column aerator. 
Advantages of this filter type are that it is simple to 


construct, that good natural aeration for the process 
is achieved and that it is difficult to block. The dis¬ 
advantage is that it has a low nitrification capacity 
compared to other filter types. 

In an up-flowing filter the water is supplied under 
the filter medium, which is submerged. The incoming 
water is forced through the filter medium by the flow 
and head of the water. There are several advantages 
with this system: good medium structure is provided, 
good distribution of the water in the total medium 
volume is possible, and there is good contact between 
the water and the filter medium where the biofilm 
grows. The disadvantage is that it is necessary to add 
oxygen or air with positive pressure, for example by 
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using an air blower, below the filter medium to ensure 
that the bacteria in the biofilm get enough oxygen. 

A down-flowing filter uses a similar technique to 
an up-flowing filter; here also the filter medium is 
submerged. The water is supplied at the top of the 
filter and is distributed through it. There is a ‘water 
lock’ at the bottom of the filter and this ensures the 
filter medium is always submerged. An advantage 
with this filter type is that the water flows in the 
opposite direction to the air bubbles, so quite good 
mixing of air/oxygen and water is achieved. The 
disadvantage is the same as that for the up-flowing 
filter: it is necessary to supply oxygen or air; how¬ 
ever, in addition, it is difficult to obtain the same 
good distribution of water in the total volume of the 
filter medium as in an up-flowing filter. 

13.4.2 The filter medium in the biofilter 

It is important that the surface of the filter material 
on which the biofilm grows is optimal. In fish farm¬ 
ing, where the ammonia concentration and concen¬ 
tration of organic matter are low compared with 
levels in municipal wastewater, it is most effective 
to use systems where a biofilm is established on an 
artificial surface.^’ The following requirements must 
be met by the filter medium: 

• Large specific surface areas where biofilm can be 
established (surface area per unit volume, m^/m^) 

• Proper contact between the water and the sur¬ 
face of the medium 

• Low head loss 

• Difficult to clog 


Figure 13.3 Different filter media 
used in a biofilter. 

• Even distribution of water in the entire filter 
medium 

• Simple to clean. 

In practical farming conditions it is difficult to fulfil 
all these requirements. There is a conflict between 
having a nitrification rate as high as possible and the 
need for a simply operated and maintained system. 

In the past, gravel and sand were much used as 
filter media in biological filters. Today different 
types of plastic filter media have replaced sand and 
gravel in many applications^'* (Fig. 13.3). This is 
because they have large specific surface areas where 
biofilm can be established, and they are not so easily 
clogged. Leca (lightweight clay aggregate) is a mate¬ 
rial with very large specific surface area that has 
been used to create surface for biofilm with good 
results.^® However, there are problems with clogging 
when the grain size is small and water flow large. 

13.4.3 Rotating biofilter (biodrum) 

A rotating biofilter, also known as a biodrum or 
rotating biological contactor (RBC), utilizes the same 
basic principle as the submerged filter (Fig. 13.4).The 
filter medium where the biofilm is established rotates 
at 2-3 rpm, partly above the water surface and partly 
submerged. The oxygen necessary for nitrification is 
supplied when the medium is above the water sur¬ 
face. Two different designs of rotating biofilter are 
used: (1) a cylinder filled with biobodies (filter 
medium in small elements); (2) parallel discs made of 
plates where the biofilm grows on the surfaces. In 
both cases the biofilter is mounted on a rotating shaft. 
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(A) 


Rotating drum 




(C) 




Figure 13.4 Rotating biofilter: (A) rotating drum 
filled with biobodies; (B) rotating bioplates of 
drum filled with biobodies; (C) cross-section; 
(D) filter in use. 


The advantage of this type of filter is that as a 
result of the rotation aeration occurs when the filter 
medium is above the water surface, so nitrification 
can occur. In such systems the efficiency is quite low 
and it may be necessary to add extra air/oxygen to 
the tank where the drum is rotating. 

13.4.4 Moving bed bioreactor (MBBR) 

In an active sludge reactor the bacteria are attached 
to suspended sludge material and kept floating in the 
water column. For growth the suspended solid floe 


utilizes ammonia. Because of the relatively low con¬ 
tent of ammonia, suspended solids and organic sub¬ 
stances, this is not a much used method in aquaculture. 
The method is, however, widely used for treatment 
of municipal wastewater. And it may also be used in 
aquaculture if the conditions suit (see Chapter 15). 

A fairly new method is to utilize a so-called 
fluidized bed or moving bed bioreactor (MBBR), 
which utilizes some of the principles from the active 
sludge method (Fig. 13.5). Here an artificial filter 
medium, normally plastic, floats in an up-flowing cur¬ 
rent of water and air bubbles (supplied by diffusers at 
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Figure 13.5 A fluidized bed reactor: biofiim grows on 
artificiai medium fioating in the water. 

the bottom). The medium is maintained in suspension 
by the current, like a fountain.^*’ Specially designed 
filter medium is used for this purpose, with a density 
slightly below that of water, so it is quite easy to keep 
fluidized. In addition, the medium is in small ele¬ 
ments, so has a large specific surface area and will 
float in rotating movements in the up-flowing water. 
A filter grating is necessary on the outlet to prevent 
the elements following the water out of the reactor. 

Biological nitrification takes place on the surface 
of the elements where the biofilm is established. It 
is very important to supply enough oxygen/air in 
this system to provide optimal growth conditions 
for the biofilm on the elements. The same is the case 
with the C/N ratio, high nitrification rates require 
low content of organic matter. Correct construction 
of the reactor where the elements are floating is 
important if high nitrification rates are to be 
achieved. It is typical to fill 70% of the water vol¬ 
ume with floating elements, depending on element 
type, and with enough air to keep the elements in 
suspension. One advantage with this system is that 
it is difficult to clog. However, a relatively stable 
water flow is important to obtain optimum func¬ 
tioning. The efficiency of such filters is also quite 
good because old biofilm is constantly removed by 
the air bubbles, the water flow and rotation of the 
elements, which all erode the biofilm. Only new, 
thin, fresh biofilm is therefore established on the 
filter medium elements. Thin new biofilm has been 
shown to have the highest nitrification rate. The 
nitrification process is reduced in thick film because 
it is difficult for sufficient oxygen and nutrients to 
penetrate to the deeper layers. MBBRs have been 


shown to produce good results in several water re¬ 
use plants. 

13.4.5 Granular filters/bead filters 

A granular filter for removal of ammonia is the 
same as that used for particle removal. Hence two 
operations can be carried out by one filter. However, 
this type of filter will require frequent back-washing 
to remove particles. 

One type of granular filter is a bead filter, which 
is commonly filled with spherical plastic pellets 
(polyethylene or polypropylene) with slightly 
positive buoyancy.^^’^* The water flows upwards 
through the layer of plastic pellets and biofilm is 
created on the pellet surface. Back-washing of the 
filter medium to avoid blockage can be performed 
with air bubbles, circulating water or mechanically 
by paddles or propellers. Experiments have shown 
reduced nitrification rates in such filters compared 
with other flow-through systems, even if on a per- 
volume basis they are quite effective as a result of 
their large surface area.^^'*” 

Traditional up-flowing sand filters may also be 
used as biofilters, but the nitrification rate is low 
and requirements for maintenance and back- 
washing are high. 

13.5 Management of biological filters 

A biofilter will always need a certain start-up time 
before it becomes functionaB^ '^^ (Fig. 13.6) because 
it takes some time to establish the culture of nitrify¬ 
ing bacteria on the filter medium (the biofilm). Of 
course there must be nitrificants in the water and 
the environment must be suitable, for instance a 
water temperature above 7-8°C, dissolved oxygen 
content above 4mg/L and biological oxygen 
demand at 7°C (BOD^) values below lOmg/L.^ 

If a biofilter is put into service before the bacte¬ 
rial culture has been established, there will be no or 
low efficiency. Normally, the start-up time for the 
filter is between 20 and 40 days, depending on, 
among other factors, temperature and pH.^*’^^ The 
start-up time can be reduced by inoculation or plac¬ 
ing old bacterial cultures in the filter. It is normal to 
only clean a part of the biofilter each time so that 
there will always be some biofilm left on a parts of 
the filter. Old filter surfaces will always have some 
film left, so the start-up time for a previously used 
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Figure 13.6 A biofilter will require a certain start-up 
time before being fully functional. 

filter surface will be reduced compared with 
completely new ones. 

In the start-up period, some nitrite may be sup¬ 
plied to the fish with the water that has passed 
through the biofilter because this is the end product 
of the first process that takes place in the filter. This 
is therefore a critical period, because small concen¬ 
trations of nitrite can be toxic to the fish and care 
must be taken at this stage. The best course of action 
is to have as few fish as possible in the start-up 
period or to inoculate the filter with bacteria. 

13.6 Example of biofilter design 

In a fish tank the consumption of feed is lOOkg/day. 
The amount of TAN produced by the fish depends 
on growth rate, protein content in the feed and in 
the fish, amount of nitrogen in the protein, and the 
protein uptake and digestion. An estimated secre¬ 
tion of TAN of 30^0 g per kg feed can be used for 
further calculation. The water temperature is 20°C 
and the pH is 1 . The design and size of the biofilter 
can be calculated as follows. 

The secretion of TAN will be 3^ kg per day. At 
pH 7 and a water temperature of 20 °C only 0.4% 
is NHj (see Fig. 13.1). The TAN concentration is 
therefore almost equal to the the concentration of 
NH^+. Under normal conditions the nitrification 
rate mainly depends on water temperature. From 
Table 13.1 it can be ascertained that at 20 °C a value 
of I.Og NH+ per m^ biofilter surface area per day 
can be used. The biofilter medium must therefore 
have a surface area (5^) of: 

B,, = (3000 to 4000) /1 = 3000 to 4000 m" 


It is normal to have a security factor when design¬ 
ing the biofilter, and a value of 2 is quite commonly 
used. The necessary area is therefore 8000 m^. 

The next step is to choose a filter medium to fit 
the necessary volume. If choosing a filter with a sur¬ 
face area of 300 m^ per m^ filter medium, the total 
volume required will be 8000/300 m^, which is close 
to 27 m^ Actual designs use submerged up-flowing 
filters or trickling filters. A combination is also quite 
commonly used. The recommended ratio if both are 
used is from 2:1 to 1:1. This means that the filter 
can have an 18 m^ submerged filter and a 9 m^ trick¬ 
ling filter. An MBBR is typically designed to be 
70% filled with biological elements. 

13.7 Denitrification 

In a biological filter, ammonium (NH+) is trans¬ 
formed into nitrate (NO 3 ). With a high degree of 
water re-use (see Chapter 14) and large loads on 
the filter (high fish biomass and rapid growth), the 
amount of NO 3 may exceed the tolerance of the 
fish and result in mortality. To inhibit this, it may be 
necessary to add a new filter with a denitrification 
step. A denitrification filter transforms nitrate to 
nitrite (NO^) and further to nitrogen gas (N^), 
which is degassed from the water. For instance, 
denitrification is used in some eel farms that have a 
very high degree of water re-use. 

Biofilm-hosting bacteria may also carry out deni¬ 
trification. This is an anaerobic two-step process. In 
the first step nitrate is transformed to nitrite and in 
the second step nitrite to nitrogen gas. The bacteria 
that carry out this process need a supply of organic 
carbon for growth, not oxygen. Normally there is 
not enough easily available organic carbon in the 
outlet water after particle removal and a nitrifica¬ 
tion filter, so carbon must be supplied. Carbon is 
commonly added as methanol, ethanol or sugar in 
liquid form before the denitrification filter. When 
using methanol the following equations apply: 

Step I 

CH3OH -t 3NO3 ^ 3 NO“ -t CO2 = 2H3O 
Step 2 

CH3OH -t 2 NO“ ^ N3 -t CO2 -t H3O -t 20 H" 

If the created cell mass is described empirically by 
the formula C^H^O^N, the total equation, including 
steps I and 2 , is as follows:'* 
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CH 3 OH + 0 . 92 N 03 “ + 0.92 ^ O.OeQH^O^N 

+ 0.43 N 2 + O. 7 CO 2 + 2 . 25 H 3 O 

Since denitrification is an anaerobic process it will 
not happen in the presence of oxygen. Therefore it 
is necessary to remove the oxygen from the water to 
initiate denitrifaction. Methanol and ethanol may 
also be used as a means of removing the oxygen; 
after addition of methanol or ethanol there will be 
no free oxygen left in the water (i.e. the concentra¬ 
tion of dissolved oxygen will be close to zero). 

The design of denitrification filters is the same as 
that of nitrification filters, requiring a large area 
where the bacteria can grow. An established biofilm 
is also necessary. However, the filter medium must 
be submerged to avoid ingress of oxygen. Trickling 
filters and drum filters are not therefore used. 

13.8 Chemical removal of ammonia 

13.8.1 Principle 

Ion exchangers have sometimes been used in aqua¬ 
culture to remove ammonia.'^^'^ Ion exchangers 
utilize the fact that different ions have different elec¬ 
trical charges. Some substances have the ability to 
attract specific ions in the water because of their 
charge and exchange them with ions attached less 
strongly. Ion exchangers may be divided into cation 
and anion exchangers. For example, cation exchang¬ 
ers are used to remove positively charged calcium 
and magnesium ions from hard water, while anion 
exchangers can be used to remove negatively charged 
nitrate ions. With ammonia, it is the ammonium ion 
(NH*) that is removed from the water, so a cation 
exchanger is required. Removal of ammonium ions 
ensures reduction of ammonia levels because of the 
equilibrium between ammonia and ammonium. 

13.8.2 Construction 

An ion exchanger comprises a column filled with 
gravel-like ion-exchange substance (Fig. 13.7). The 
water to be purified, for example by removal of 
NH*, flows through this column. The choice of sub¬ 
stance to be loaded into the column depends on the 
ions to be exchanged. To remove NH+ a clay min¬ 
eral (zeolite) called clinoptilolite is often used. This 
mineral occurs naturally in the ground in certain 
places. The ion-exchange substance is delivered as a 


H2 O NH* 



i \ 


H^O Na* 

Figure 13.7 Principle of an ion exchanger. 

granulate, normally in sizes up to 5 mm. When using 
clinoptilolite, Na* is used as the exchange ion and 
NH* is attracted to the ion-exchange substance 
(R ).The following equation then applies: 

NH; -t R-Na* ^ Na^ -t R^NH; 

When water with high ammonia content enters the 
ion exchanger, NH+ will be attracted to the ion- 
exchange substance and Na+ will be released. After 
a period of time all the Na+ in the ion-exchange 
substance will have been released and the exchange 
process will stop; all the NH+ in the water will flow 
directly through the column, and the outlet concen¬ 
tration will be the same as the inlet concentration. 
The ion exchanger will then have to be regenerated 
by removing all the NH+ bound to the ion-exchange 
substance. This can be carried out by allowing a 
regenerating solution containing a very high con¬ 
centration of sodium ions, for example a salt solu¬ 
tion, to flow through the ion exchanger (Fig. 13.8). 
Often the regenerating solution is re-used; in this 
case a cleaning circuit for the salt solution is neces¬ 
sary. A stripping process may be used to clean the 
regenerating solution for NH+. This is performed 
by increasing the pH so that a larger part of TAN 
appears as NH 3 gas that can be stripped off. 

To function optimally the water entering the 
exchanger must be free of particles. A fine particle 
filter must therefore be installed before the 
exchanger. Furthermore, the substance in the ion 
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Ammonia 


Figure 13.8 Use of an ion exchanger 
to remove ammonia chemically. 


exchanger must be disinfected at specific intervals 
to prevent the exchanger starting to function as 
a biological filter. This is because biofilm will 
be established on the surface of the exchange 
substance, although its capacity as a biofilter will be 
very low compared with its exchange capacity. 
Clogging and blockage will also occur rapidly. 

Even if the ion exchanger can remove up to 95% 
of the ammonia from fresh water, the economic yield 
of the system is normally negative. The system 
requires several columns with separate regenerating 
circuits so that maintenance can be carried out, and 
to avoid breakdown of the whole system if a column 
is out of order. Because of this, very few fish farms 
use ion-exchanger technology today. The advantage 
of an ion exchanger compared with a biofilter for 
nitrification is that there is no start-up time and no 
waste product such as nitrate. There have been exam¬ 
ples where this technology has been used in relation 
to long-distance fish transport (see Chapter 23). 
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14 

Traditional Recirculation 
and Water Re-use Systems 


14.1 Introduction 

In traditional water re-use or recirculating aqua¬ 
culture systems (RAS), the outlet water from the 
fish tanks is re-used instead of being released into 
a recipient water body (Fig. 14.1). The outlet water 
is cleaned and used again, which means that the 
amount of added new water can be reduced. 
Theoretically, all the outlet water can be re-used, 
as in aquaria where no new water is required 
except for that which is lost through evaporation. 
This is only theoretical, however, because in most 
cases the cost of removing all contaminants from 
the outlet water is very high, but this is of course 
dependent on the water quality requirements of 
the fish species being farmed. Usually, if maxi¬ 
mum growth is required the water quality needs 
to be high. 

A water re-use system includes the fish tank(s) or 
units for the aquaculture species, an adapted water 
treatment system and a pump to transport the water 
around the system. The pump and the water treat¬ 
ment system are the items that make the system dis¬ 
tinct from traditional flow-through systems. The 
water treatment system, which is the heart of the 
re-use system, may include physical, chemical and 
biological processes to improve water quality to 
acceptable levels. 

The aim of this chapter is to describe important fac¬ 
tors about re-use systems, definitions and equipment. 
Specialized literature is available in this field (ref. 1 is 
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recommended for an overview). The next chapter 
describes other, typically more extensive re-use sys¬ 
tems where both water and nutrients are re-used. 


14.2 Advantages and disadvantages 
of re-use systems 

14.2.1 Advantages of re-use systems 
Reduction of water flow 

Re-use of water will reduce the amount of new 
water required for the fish farm. Therefore farms 
can be established on sites where the amount of 
water is a limiting factor, or established farms can 
increase production without increasing the amount 
of new water required. 

Limited resourses of fresh water are a serious 
problem in the world. Water consumption has 
undergone exponential growth during the past few 
years. Warning signs are evident, such as lowered 
groundwater tables, reduced size of lakes and disap¬ 
pearance of marshland. This is indicative of more 
competition for freshwater resources in the future, 
which will of course affect the fish farming industry 
because of its huge consumption of fresh water. All 
methods that reduce water consumption in fish 
farming, such as re-using water, are therefore of 
general interest. 


& Sons, Ltd. 
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Flow-through system 


Water in 
-^ 


Fish 

tank 


Water out 
->- 


Re-use/recycling of water 



Figure 14.1 Re-use system compared with a traditional 
fiow-through system: remember the pump. 

Re-use of energy 

As shown in previous chapters, the heating of water 
requires much energy and for this reason is expensive. 
By reducing the amount of new water supplied, the 
energy requirements for water heating will also be 
reduced; again this will reduce the total heating costs. 

By using a water re-use system, it is possible to 
farm fish species that have higher temperature 
requirements than the natural temperature in the 
area, for instance growing warm-water species at 
high latitudes in the northern hemisphere. 

Simpler cleaning 

If there are stringent requirements for cleaning the 
effluent water, re-use systems will assist the process 
because the amount of water to be treated is reduced. 

Poor water sources 

If the water supply to the farm is of poor quality, the 
requirements for improvement will be increased. 
Re-use systems will be of interest in such cases 
because the amount of new incoming water, where 
the quality must be improved, is reduced together 
with the treatment costs. 

If the inlet water has to be pumped to a higher 
level to get it to the farm, the costs can be consider¬ 
able; this may favour a re-use system. The same is 
the case if new water supplied to the farm is metered. 

14.2.2 Disadvantages of re-use systems 

Although re-use systems have advantages, they also 
have several disadvantages and these must be 


weighed against each other. In most cases the disad¬ 
vantages are greater than the advantages. It is best 
therefore to have a site with enough good-quality 
water of the correct temperature to suit the species 
grown, and low costs associated with transferring 
the inlet water from the source to the farm. 

The two main disadvantages of re-use systems are 
the investment and operating costs. Because the 
number and size of the components for water 
treatment are higher than for a flow-through farm, 
the investment costs are also higher. In systems 
with a high degree of re-use (>95%) the investments 
can be significantly greater than for traditional flow¬ 
through farms, several times as high per unit farming 
volume. 

In a normal re-use system there is continuous 
transport of water performed by some kind of 
pump, which results in constant running costs for 
the pump(s). Since so much technology is usually 
involved in purification systems, a re-use system 
will also be more exposed to technical faults. To 
ensure a functioning system, the requirements for 
monitoring water quality and water flow are greater 
than in traditional flow-through systems which 
translates to larger monitoring systems and more 
back-up systems. Furthermore, the time limit/reac¬ 
tion time is reduced when a fault occurs (e.g. pump 
failure, filter blockage), which increases the require¬ 
ments for having operators on stand-by. 

Some of the equipment used in the re-use sys¬ 
tem also requires a high level of technological and 
biological knowledge to operate; this imposes 
extra requirements for the competence of farm 
operators. The need for maintenance of the equip¬ 
ment is much higher, which also represents a sig¬ 
nificant cost. 


14.3 Definitions 

To describe re-use or recycling systems a number of 
parameters are required. 

14.3.1 Degree of re-use 

Normally, the degree of re-use (R) is used to give 
the percentage of the new incoming water (Qj,j) in 
relation to the total amount of water (Qj) flowing 
into the fish tank. This is described by the following 
relationship (Fig. 14.2): 
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Figure 14.2 The degree of re-use can be defined in 
several ways: either continuous supply of new water, or 
batch exchange of water, for instance once a day. 

i? = [i-(QN/QT)]xioo 

where represents new incoming water and 
total water supply to the fish tank (new incoming 
water-Hre-used water). 

Example 

If the supply of new water to a farm is 150L/min 
and the total water flow is 1000 L/min, calculate the 
degree of re-use. 

i? = [i-(GN/QT)]xioo 
i? = [l-(150/1000)] X100 
R = 85% 

This, however, requires a continuous supply of new 
water, which also represents the normal way to operate 
a re-use farm. 

Another way to operate a re-use system is to change 
the water in batches. This is the same as is done in 
aquaria, so a lot of information and knowledge from 
the operation of aquaria can be transferred to fish 
farming. However, in fish farming the emphasis is on 
optimal growth and this requires optimal environ¬ 
mental conditions; fish densities are also much higher. 
If the aim is for the fish to survive with some spare 
capacity, the requirement for water quality is reduced. 
For a re-use system that changes the water in batches, 
a given amount of water can be changed once a day or 
once a week, for instance. In this case the water quality 
will gradually decrease until a new batch is exchanged 
and the quality returns to top level. In this case the 
degree of re-use can be expressed as either (1) the per¬ 


centage of water exchanged in relation to the total 
flow in the system throughout a day and night, or (2) 
the amount of water that is exchanged in relation to 
the total volume of water in the system (Fig. 14.2): 

i? = [i-(QB/QT)]xioo 

where R represents degree of re-use and size of 
batch of new incoming water. Q.^ represents, under 
definition (1), total amount of water flowing in the 
system between the exchanged batches of water; 
and under definition (2), total amount of water in 
the re-use system. 

Example 

The total amount of water in a system including the 
fish tank(s) and re-use circuit is 1000 E. The internal 
water flow in the system is 10 L/min. The amount 
of water in the exchange batch is 250 L and it 
is exchanged once a day. Calculate the degree of 
recycling based on both definitions. 

Definition 1 

i? = [i-(QB/QT)]xioo 
i? = [l-(250/1000)] X100 
R = 75% 

Definition 2 

Total water flow in the system during a day: 
10 L/min x 60 min x 24h = 14 400 L. 

i? = [i-(GB/QT)]xioo 
i? = [l-(250/14400)] X100 
R = 98.3% 

This example shows the importance of knowing 
which definition of re-use is used. Systems with con¬ 
tinuous exchange of water and not batch systems 
are most commonly used. 

14.3.2 Water exchange in relation to amount 
of Hsh 

However, the degree of re-use does not give enough 
information about the performance of the system 
and is not sufficient to describe a recirculation 
system properly. Neither does it take into account 
the amount of fish in the system. This can be illus¬ 
trated in the following way: there are few problems 
in having only one fish in a large re-use system, 
compared with having a high density of fish in the 
same system. However, the degree of re-use for the 
systems can be equal. To describe the re-use system it 
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will also be necessary to know the amount of new 
water added per kg fish (litres new water per kg fish). 

Example 

A re-use system with a total tank volume of 100m^ 
has a total circulating water flow of2000 L/min. The 
re-use degree is 95%, meaning that the amount of 
added new water is 100 L/min. The fish density is, 
in case 1, 10kg/m? and, in case 2, lOOkg/m^. This 
represents a total amount of fish of, respectively, 
1000kg and 10 000 kg, so the amount of new water in 
these cases is 0.1 L/min per kg fish and 0.01 L/min 
per kg fish. 

Another used unit to describe a re-use system is 
the amount of new water in relation to the supplied 
feed. For example, the amount used in intensive 
RAS for salmon smolt in Norway is within the 
range 300-1000 L new water per kg feed per day in 
systems not using a denitrification step. 

Even with this information it is difficult to 
compare re-use systems, because factors such as 
species, size, growth rate, feed composition and feed 
utilization will have effects. To easily evaluate a 
separate re-use system, the growth rate of the fish 
is the best indicator. If the growth rate is optimal 
it can either be compared to growth tables or to 
growth in a flow-through system. 

14.3.3 Degree of purification 

Another important factor in re-use systems is the 
degree of cleaning (Cp) of the water treatment system. 
This factor indicates how effectively the cleaning 
plant in the re-use circuit removes unwanted sub¬ 
stances. It can be described as follows (Fig. 14.3): 

Cp = (Q„-Q„0/Q„xlOO 

where Cp represents degree of purification, con¬ 
centration of actual substance entering the cleaning 
unit and C , concentration of actual substance 
leaving the cleaning unit. 

Example 

The concentration of suspended solids entering the 
particle filter is 25 mg/L; after the filter the concentra¬ 
tion is measured as 10 mg/L. Lind the effectiveness of 
the filter. 

Cp=(Q„-Q,.)/C,,xl00 

Cp=(25-10)/25xl00 

Cp=60% 


Concentration into Concentration out 

the purification unit the purification unit 



... 



Purification 

unit 

? 




Removed in the 
purification unit 

Figure 14.3 The filters in the re-use circuit remove 
substances according to their efficiency. 

14.4 Theoretical models for 
construction of re-use systems 

14.4.1 Mass flow in the system 

To understand more about what is happening in a 
re-use system, a theoretical approach can be taken.^^ 
In re-use systems is it important to have control 
over the different water flows (Q), amount of sub¬ 
stances added and removed from the system (M) 
and, based on this, the concentration of substances 
at different stages in the system (C): 

C = MIQ 

where Q represents water flow (L/min), M mass 
flow of substances (mg/min) and C concentration of 
substances (mg/L). Based on this, a total picture of 
the re-use system, including the fish tanks, the water 
treatment system and water transport system can 
be drawn up (Fig. 14.4) and a mass balance can be 
performed. Here the following indices are used: 

i new water into the tank 
o out from the tank to outlet (= Q. -t Q^.) 
ri out from the tank and into the re-use circuit 
ro out of the re-use circuit and into the tank (Q^) 
f amount of substances produced or consumed 
by the fish 

r amount of substances removed from the re-use 
system. 

14.4.2 Water requirements of the system 

The necessary amount of flowing water in the sys¬ 
tem, and the separation of new and re-used water 
depend on a number of factors, including: 

• The amount of water to satisfy the oxygen require¬ 
ments of the fish 

• The amount of water to dilute and remove waste 
products to acceptable levels 
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Figure 14.4 Sketch showing the water flow, concen¬ 
tration of substances and mass flow of substances in a 
re-use system. 

• The amount of water to ensure self-cleaning of 
the tanks (see Chapter 18) 

• The degree of re-use 

• The effectiveness of the water treatment system. 

Water flow to satisfy oxygen requirements 
of the fish 

The addition of water to a fish tank to satisfy the 
oxygen requirements depends on the oxygen con¬ 
sumption of the fish, the oxygen concentration in the 
inlet water and the lowest acceptable concentration 
in the outlet water to achieve optimal growth for the 
fish species. The specific water requirements can be 
calculated from: 

an = Af,/(Cin-Q) 

where represents specific water flow per kg fish, 
Mj specific oxygen consumption of the fish (mg O^/ 
min per kg fish), C concentration of oxygen in the 
inlet water to the tank (mg/L) and concentration of 
oxygen in the outlet water from the tank (mg/L). 

Example 

The fish size is 2000g, the water temperature 12°C 
and the specific oxygen consumption is 3.63 mg Of 
min per kg fish. The oxygen concentration in fully 
saturated water is lO.Smg/L (from tables). The 
acceptable concentration in the outlet is set to 7mg/L. 
Calculate Q. . 

^in 

a„ = 3.63/(10.8-7) 

= 0.96 L/min per kg fish 


Here is it also important to remember the requirements 
to dilute for other substances and those for 
self-cleaning. 

By supersaturating the inlet water with pure 
oxygen the water requirements can, of course, be 
reduced. This means that C is increased. 

in 

Example 

The same numbers as in the previous example are 
used, but the inlet water has a supersaturation of 
oxygen of 150%, meaning that the concentration is 
16.2 mg/L. Calculate the new Q._^. 

a„ = A^f/(Qn-Q) 

a„ = 3.63/(16.2-7) 

= 0.36 L/min per kg fish 

Water flow to dilute waste products 
to acceptable concentrations 

The amount of water required to dilute and remove 
substances produced by the fish [suspended solids 
(SS), COj and total ammonia nitrogen (TAN)] 
to acceptable concentrations can be calculated 
based on mass balance equations for the single 
substances: 

where M.^ represents mass of substances in new 
incoming water, mass of substances from water 
entering from the re-use circuit, mass of sub¬ 
stances produced by the fish in the tank and 
mass of substances in the outlet from the tank. 

If M and the water flow out of the tank Q are 
known, the concentration of a substance in the out¬ 
let from the tank (C^) can be calculated; this must 
not exceed a value that is acceptable for the fish. 
Based on this, the lowest acceptable outlet water 
flow can be calculated from the following equation: 

where C represents acceptable concentration of the 

o-acc r 

substance in the outlet to avoid reduction in growth. 
Example 

A fish of size 50 g has a specific growth during one day 
of 31 g, resulting in waste production measured as 
SS=6.2g. The acceptable level of SS in the outlet is set 
to 25 mg/L. Calculate the necessary water flow out (Q^,). 
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SS produced per minute=6200mg/(24 x 60) 

= 4.3 mg 

Q„ = 4.3/25 = 0.17 L/min 

This means that the water flow into the tank must be 
higher than 0.17L/min to dilute the concentration of 
SS to acceptable levels or less. 

14.4.3 Connection between outlet concentration, 
degree of re-use and effectiveness of the water 
treatment system 

When starting up a re-use system the concentration 
of substances in the system will gradually increase 
until it is stabilized at a given level. 

Example 

A simple re-use system uses a degree of re-use of 
50%; a filter with 50% efficiency is installed in the 
re-use circuit (Fig. 14.5). Show how many times the 
water must circulate in the re-use system before the 
system is in balance (this condition is assumed as 
ideal) regarding the concentration level of metabolic 
products, presented as parts of M. 


No. circuits 

1 (all 
water is 

new 

water) 

2 

3 

4 

5 

Concentration 
of metabolic 
products (M) 
out of the 
production 
unit 

M 

(Mis 

added to 
the incoming 
concentration 

IfM) 

76" 

1" 

1" 

Concentration 

into re-use 

circuit 

Im 

(half of 
the water 
flow) 

|m 

32^ 


|m 

Concentration 
out of re-use 
circuit 

(50% is 
removed) 
by the 
filter 

76^ 

64 

1" 

I" 


As shown, the system will be stabilized when the 
water has completed four circuits. 

An equation to determine the concentration in 
the tank outlet in a re-use system (C) compared to 
the outlet concentration in a flow-through tank has 
been developed.^ This is based on the degree of 



Figure 14.5 The system used in the previous example. 

re-use (R) and the removal efficiency (RE) of the 
filter system in the circuit and is as follows: 

C = l/[l-R-t(RRE)] 

Example 

A system has a degree of re-use of 96%, while the 
removal efficiency is 50%. Calculate the concentration 
in the outlet of the system compared with a traditional 
flow-through system. 

C = y[l-R + {RRE)] 

C = l/[l-0.96-t (0.96x0.5)] 

C = 1.92 

This means that the concentration of substances is 
1.92 times those from a flow-through system. For 
instance, if the flow-through system had an SS con¬ 
centration of20mg/L in the outlet, the concentration 
in the re-use system will be 20 x 1.92 = 38.4 mg/E. 
If the maximum concentration that the fish tolerate 
without growth reduction is 25 mg/E, the re-use 
system is not useful because the SS concentration is 
too high. Either a better filter must be installed or the 
degree of re-use must be lowered, which means 
greater dilution by adding more new water. 

Based on this, it is possible to calculate how much 
new water has to be added to have a system that 
functions. First the maximum allowed SS concentra¬ 
tion C , is found'. 

max’ 4 

C_ = 25/20= 1.25 mg/L 

Then this value is substituted in the formula and the 
equation solved for the degree of re-use (R): 

C = l/[l-R + {RRE)] 
1.25=l/(l-R-t0.5R) 

R = 0.4 

This means that the maximum degree of re-use that 
can be used is 40%, and 60% of new water must be 
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added. In practice, however, a better filter unit will be 
installed instead of adding so much new water. 

The general formula is as follows: 

where represents the outlet concentration 

in a flow-through system. By rearranging this equa¬ 
tion it can be used to find the necessary efficiency of 
a filter system, based on acceptable outlet concentra¬ 
tions and degree of re-use. The equation may also be 
rearranged and solved to find the acceptable degree 
of re-use when a filter system has been chosen. 

If the inlet water contains the substances in 
question, their concentrations must also be added to 
the equation. The mass of substances in the new inlet 
water (M.) must be calculated using the mass balance 
equation and be added to M^. This can be expressed 
as which gives the following equation: 

c=[1/(1 - R + R • RE)][M, +(Qa)]/au. 

14.5 Components in a re-use system 

Fish require oxygen for respiration and produce 
faecal waste, urine and dissolved substances 
released over the gills (Fig. 14.6) (see Chapter 4). 
The reasons for treating the water are therefore 
either to add new substances (oxygen) or to dilute 
waste products. The components required for water 
treatment, either for addition or removal of sub¬ 
stances in the re-use circuit, can be calculated 
based on the equation given earlier in the chapter, 
and depend on species, size, growth rate and feed 
composition. The usual order of necessary water 
treatment efforts is shown below, and compared 
with what happens in a tank where the inlet water 
flow is reduced (Fig. 14.7). Reducing the amount of 
incoming water to the tank is actually the same as 
using a re-use system without any purification units, 
such as particle or ammonia removal filters. 

If the water is re-used without any treatment, 
the effect is the same as reducing the water inlet 
volume. The first problem is that the concentration 
of oxygen in the outlet water will be below recom¬ 
mended values; the main reason for adding water 
to the tank is to have an outlet oxygen level high 
enough to achieve maximum growth of the fish. 
If this water is re-used directly, the oxygen concen¬ 
tration will be too low and will result in growth 


Feed supplied 



Figure 14.6 Fish in a system wili produce faecai waste 
and soiubie waste. 


No re-use 
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Particle removal 



pH regulation Disinfection 


Figure 14.7 Diagrams of plants suitable for different 
degrees of water re-use. 

reduction. If the reduction is excessive, mortality 
will occur; values are species dependent. There are 
numerous ways to increase the concentration of 
oxygen in the water (see Chapter 12), including the 
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usual method of adding an aerator before the inlet 
to the tank system. In addition, after the water has 
been aerated up to near 100% saturation, pure 
oxygen can be added to increase the concen¬ 
tration further (supersaturation). Both aeration and 
oxygenation can also be done directly into the tank 
which will also reduce the requirement for addi¬ 
tional water. 

If aeration/oxygenation is carried out, the amount 
of water added to the system can be reduced. This 
new value is normally set by the acceptable SS con¬ 
centration, but may vary with organism and species. 
The water flow through the tanks must now be suf¬ 
ficiently high to dilute the SS concentration to avoid 
reduction in growth. Methods of achieving this are 
given in Chapters 6-8, but usually the outlet water 
is passed over some kind of microstrainer where 
particles are removed before the water is recycled. 
Another way to deal with this is to use a dual drain 
outlet with a separate particle outlet from which the 
SS are drawn off in 1-5% of the total water flow 
(see Chapters 6-8), enabling the rest of the water to 
be re-used without any other treatment. 

If the amount of new water is reduced sig¬ 
nificantly, the next problem that may occur is accu¬ 
mulation of CO^ in the tank to critical levels, 
because the fish release CO^ through the gills as a 
waste product of metabolism and the concentration 
in the water increases. Tank aeration or piping the 
water through an aerator are two possible solutions 
to this problem; however, normally this has already 
been done to increase the concentration of oxygen 
in the water. If continuously high concentrations 
of COj are experienced, a vacuum aerator may be 
used because this is more effective for removing 
COj than a traditional aerator designed to increase 
the oxygen concentration (see Chapter 12). 

Reduction of the water flow into the tank can 
lead to excessive concentrations of NH^ (actually 
TAN, because there is a connection between NH^ 
and NH+ levels that depends on the pH). The nor¬ 
mal method of reducing the NH^ concentration 
in the system is to use a biofilter with autotrophic 
bacteria in the re-use circuit that transforms ammo¬ 
nia to less harmful nitrate (NO3). 

The normal units included in a re-use system are 
described above. However, other problems may occur 
when adding a small amount of new water or with a 
high degree of re-use. This problem mainly concerns 
the components in the re-use circuit: the complexity of 


the system means that a good knowledge of water 
quality and the way in which different water quality 
parameters influence each other is very important. 

There will be a drop in the pH of the system with 
high degrees of re-use. The reasons for this are that 
the biofilter process releases H+ ions to the water 
and that CO^ is released by the fish. Therefore pH 
regulation must be included in the water treatment 
for the system, for instance addition of lime. 

With high percentages of water re-use (>99%), 
high fish densities and a biofilter in the system for 
ammonia removal, the concentration of nitrate (NO3) 
can reach values that can be toxic to the fish if it is not 
removed. Usually a denitrification filter is added to 
the re-use circuit. Here nitrate is transformed to 
nitrogen gas (N^) that can be removed by aeration. 

High degrees of water re-use will normally also 
increase the total number of bacteria, some of 
which might be pathogenic. It is therefore normal to 
include disinfection in the circuit, for instance UV 
irradiation. 

14.6 Design of a re-use system 

A re-use plant may be established using either 
continuous addition of new water or batch exchange; 
the former is most common because it maintains sta¬ 
ble water quality. Two different principles are used 
for construction of re-use plants (Figs 14.8 and 14.9) 
regardless of whether there is continuous or batch 
exchange of water: 

(1) A centralized re-use system for handling 
water from several fish tanks 

(2) A re-use system placed in a single fish tank, 
also known as a tank internal re-use system. 

Most current re-use systems are based on the cen¬ 
tralized principle. Outlet water from all the fish tanks 
is collected in a common pipeline that leads directly 
to one centrally placed water treatment system that 
includes all the necessary water treatment compo¬ 
nents. After treatment the water is returned to the 
tanks via a common inlet pipe (Fig. 14.10). Addition 
of new water and removal of old water is also per¬ 
formed here, either on a continuous or batch basis. 

The advantage of a centralized system is that 
more investment can be put in the water treatment 
components because they handle more tanks and 
greater weight of fish. However, one disadvantage 
with this system is that if infection occurs in one 
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Re-used water Aerator New water 



Figure 14.8 A centralized re-use system 
serving several fish tanks. 



Sludge 


Figure 14.9 Two designs of tank 
internal re-use system serving only one 
tank. 


tank, it will be transferred via the water to all other 
tanks in the re-use circuit, although this can be 
eliminated or reduced by installing a disinfection 
plant in the circuit. Another disadvantage with a 
centralized water treatment system is that it is 


more difficult to gradually increase the size of the 
farm/system. 

In a single tank re-use system, the outlet water 
from the tank leads directly into a water treatment 
system before it is returned to the same tank. Thus 
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New water 



Drum filter 



Figure 14.10 The re-use plant at the 
Norwegian University of Life Sciences is 
centralized and the water treatment 
system consists of particle removal 
facilities (swirl separators and drum 
filter), submerged biofilter filled with 
bioblocks, dry-placed pumps and addi¬ 
tion of ozone for combined disinfection 
and oxygenation of the water. 


every tank has its own water treatment system and 
there is no mixing of water from different tanks. The 
water treatment system can be either an integral 
part of the fish tank, partly inside the tank volume, 
or a separate external unit attached to the fish tank. 
Great flexibility is the major advantage with this 
system: it is easier to expand a fish farm succes¬ 
sively. In addition, there are possibilities for better 
adaptation to individual loads, meaning that the 
degree of re-use can vary from tank to tank, and the 
single systems can in this way be operated opti¬ 
mally. The risk of spreading pathogens between 
tanks is also eliminated because there is no water 
connection between the tanks. 

However, the disadvantage is the price, which 
inhibits development of the model. Each tank 


needs a separate water treatment system; this only 
allows use of low-cost simple systems, but even 
then it is difficult to compete with centralized 
systems. The management cost of such systems is 
also increased because there are several units that 
have to be maintained and controlled, and thus a 
larger monitoring system is needed. Such systems 
are not favoured when there are high fish densities 
or very high percentage of re-use (>99.5 %) because 
this normally includes several high-cost steps, such 
as pH regulation, denitrification and disinfection. 
What is generally important when constructing a 
water re-use plant is that the components are com¬ 
patible with each other and of the correct size. 

In addition to the water treatment components, 
it is necessary to establish a water flow in the 
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re-use circuit; this is done by some kind of pump. 
Types used include airlift pumps, propeller pumps 
or centrifugal pumps. When using airlift pumps it 
is possible to combine aeration with the transport 
of water and by this eliminate the need for tradi¬ 
tional pumps. In tank internal systems with a low 
degree of re-use this might be done to create a 
low-cost system. In larger systems, traditional 
centrifugal pumps are most commonly used 
because system efficiency is increased. The pump 
is either dry-placed or submerged. When using 
submerged pumps some heat will be transferred 
to the water from the pump, because the pump 
creates heat when running (see Chapter 2); with 
a high degree of re-use this can contribute an 
important part of the total heating needs of 
warm-water species. In addition, the fish in the 


system will create heat from their metabolism, so 
the amount of heat that must be added is reduced 
even more. 
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15.1 Characterization of production 

systems 

As mentioned in Chapter 1, production systems in 
aquaculture can be characterized as open or closed 
systems. A division can also be based on how the 
wastewater or waste from the fish is utilized: re-use 
of nutrients, re-use of wastewater or no re-use. This 
may occur within the aquaculture production sys¬ 
tem or in an external system. The most common 
method in intensive fish farming has been direct 
flow-through, i.e. no utilization of waste or water. 
However, the wastewater may be utilized in an 
external system, such as irrigation of agricultural 
land or more intensively by direct use in hydrocul¬ 
ture, letting the plants take up the waste products 
as nutrients, partly closing the nutrient loop 
(Fig. 15.1). 

Pond culture is typically combined culture 
because the plants, microorganisms and algae in the 
pond are used for cleaning the water and providing 
feed for the organism. However, much higher pro¬ 
duction is possible by manipulation of the pond 
environment. 


15.2 Closing the nutrient loop 

The aquaculture industry uses a lot of nutrients in 
feed for the fish and some of this is released as 
uneaten or undigested food. There are therefore 


high losses of nutrients. An interesting topic concerns 
attempts to close the nutrient loop by means of 
nutrient re-use systems. This will of course also be 
important for the ecological footprint of aquacul¬ 
ture products. When trying to close the nutrient loop 
it is important to examine nutrient cycles and ways 
in which they can be closed, for example carbon, 
nitrogen and phosphorus cycles. However, all such 
biological systems are not easy to maintain and are 
characterized by many interactions. 

15.3 Re-use of water: an 
interesting topic 

Because of the large amount of water necessary 
for aquaculture production, there is increasing 
interest in production systems that require less 
water per kilogram fish produced. Another impor¬ 
tant topic is to reduce the environmental impact 
of aquaculture facilities, to ensure sustainable 
production, in either open or closed systems. The 
introduction of environmental taxes to reduce the 
impacts of aquaculture is highlighting this prob¬ 
lem. Several methods can be utilized to fulfil these 
objectives and they are partly overlapping. These 
methods are typically also part of the selected 
production system. 

Such systems may be classified according to 
whether they utilize intensive technology or more 
biological techniques. The first category includes 
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Figure 15.1 Different production sys¬ 
tems inciuding re-use of water and 
nutrients. 


what is typically called recirculating aquaculture 
systems (RAS; see Chapter 14), while the second 
includes growing some kind of biological organism 
together with the main fish species. Typically, RAS 
has been used for intensive aquaculture, while the 
natural biological techniques have been used in 
extensive or less intensive aquaculture. However, 
production in natural systems is increasing and 
becoming more intensive. It is also more common 
to see combination of parts of the two systems as a 
result of increased environmental requirements. 


With regard to open systems (e.g. cages) or closed 
systems, it is far easier to manage a closed system, 
where the inputs and outputs can be fully con¬ 
trolled. However, it is also possible to reduce the 
environmental impacts of open systems with, for 
instance, the introduction of what is called ‘inte¬ 
grated multitropic aquaculture’ (see later). It is also 
possible to classify systems based on where the 
nutrient is removed, inside or outside the culture 
unit. This can for instance be where the nitrogen is 
remove d.i 
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15.4 Natural systems, polyculture, 
integrated systems 

In general, aquacultural systems that use biological 
technologies are involved in growing not a 
monoculture but several species together, such as 
microorganisms, different fish species, plants and 
livestock (e.g. pigs, chicken and ducks). One species 
in the system utilizes one nutrient substrate while 
another species utilizes an alternative substrate. It is 
also possible to stimulate development of nutrients 
chains, where one organism utilizes the waste prod¬ 
uct from another as a nutrient for its growth. In this 
way it is possible to close the nutrient loop to various 
degrees, depending on what is included. This will also 
increase the total crop from the supplied nutrient. 

Classification of such systems is complex and a 
number of terms are used, including polyculture, 
integrated aquaculture, multifunctional aquaculture, 
integrated agriculture-aquaculture, integrated multi¬ 
tropic aquaculture, aquaponics, biofloc, closed cycle 
aquaculture and zero-discharge aquaculture. An 
easy division is into monoculture, polyculture and 
integrated systems, although the last two definitions 
rather overlap because polyculture is also integrated 
culture. Monoculture includes traditional aquacul¬ 
ture, with farming of a single species and is typical of 
intensive aquaculture. What is known as polyculture 
(i.e. more than one culture) has a 1000-year history 
in Asia, and includes the growing of different fish in 
the same system utilizing different nutrients. Even 
today, it comprises a major part of the aquaculture 
practised in Asia. A good example of polyculture 
includes the pond rearing of different carp species 
(e.g. carnivore, omnivore and herbivore) that utilize 
different nutrients, and this keeps the pond in a satis¬ 
factory ecological condition. However, polyculture 
may also include growing of fish together with 
another species such as livestock, where the manure 
is utilized to increase fish production in a pond, and 
perhaps is the only nutrient supply to the system. It 
may also include growing of plants in the outlet 
water. Integrated aquaculture is defined as aquatic 
production that is integrated with another produc¬ 
tion, so there might be overlap with polyculture. 
In integrated aquaculture, the other organism grown 
with the fish may or may not be harvested but may 
only be used for biological purification. For instance, 
the effluent water may be sent to a natural or artificial 
biological filter. Infiltration or constructed wetlands 


(see Chapter 6, section 6.7) are examples where the 
major aim is to purify the water not to produce har- 
vestable materials, even if this can be done.^^ 
Integrated multitropic aquaculture is another term 
that has become quite popular during the last dec¬ 
ades. Some of these systems are described in more 
detail in the following sections. 

15.4.1 Integrated multitropic aquaculture 

In integrated multitropic aquaculture (IMTA), 
organisms on different tropic levels are grown 
together: one species utilizes nutrients in the effluent 
waste from another species, stimulating a complete 
nutrient chain (Fig. 15.2).’“^'* Such systems have been 
used with good results in marine aquaculture during 
the last few decades. An example is sea-cage salmon 
farming. Around the sea cages, mussels or scallops 
are grown. They utilize the particulate organic mat¬ 
ter released from the salmon for their own growth. 
Further out from the farm, seaweed may be grown 
that utilizes released dissolved matter. In this way 
the discharge from the salmon plant may be highly 
reduced. It is also possible to harvest both the mus¬ 
sels and the seaweed, so the total economic income 
from salmon production or from the total produc¬ 
tion system increases. Thus the nutrients added to 
the salmon dry feed are very well utilized. Other 
species like sea urchin may also be included in the 
system. The overall aim with IMTA is to create a bal¬ 
anced ecosystem, and the co-cultured species on dif¬ 
ferent tropic levels result in harvestable crops with 
additional economic value in addition to the biologi¬ 
cal purification of the effluent from the fish farm. 

15.4.2 Biological purification of water: 
some basics 

Water can be purified and re-used entirely by the 
use of biological purification systems. A biological 
re-use system can also be used to remove, or prevent 
the accumulation of, ammonia nitrogen, which typi¬ 
cally represents a problem in aquaculture when 
dilution with additional inlet water is impossible. 
This can be performed by autotrophic or hetero- 
trophic organisms. Autotrophic organisms can be 
divided into photoautotrophic or chemoautotrophic. 
Photoautotrophic organisms include the plants and 
algae, where reaction energy is taken from sunlight 
(photosynthesis) and may thus be called the green 



204 


Aquaculture Engineering 


Kelp and 

Fish production unit seaweed utilizing 

dissolved nutrients 



Figure 15.2 A model of integrated 
multitropic aquaculture. 


water system. Chemoautotrophic organisms acquire 
reaction energy from oxidizing inorganic material, 
and this group includes traditional bacterial biofilters 
like nitrification filters in aquaculture (Chapter 13), 
either in the form of fixed film or floes. High loads of 
organic material will inhibit the processes. However, 
the heterotrophic organisms require organic mate¬ 
rial (carbon) to grow, and most natural bacteria are 
included in this group. 

It is possible to use the C/N ratio (mass of organic 
carbon to mass of inorganic nitrogen) to determine 
which organism is most likely to develop. If the 
C/N ratio is low, typically below 2, there will be 
development of autotrophic microorganisms. If the 
C/N ratio is high (>10), there will be development of 
heterotrophic organisms. Autotrophic organisms 
comprise the traditional biofilter (nitrification filter) 
used in RAS, where effective removal of suspended 
solids (carbon) and addition of oxygen is necessary. 
Heterotrophic organisms metabolize the carbon from 
uneaten feed and faeces. In some cases, it may be nec¬ 
essary to add organic carbon in addition to oxygen, 
otherwise it will be a limiting factor for growth. In 
between there will be systems that contain both cul¬ 
tures, named hybrid or mixotropic systems. In both 
systems, the amount of volatile suspended solids 
(VSS) will increase due to microbiological growth. 

It is normal to separate bacterial filters in a fixed 
film or floe structure. In a fixed film the micro¬ 
organisms grow on a surface, while in a floe structure 
the microorganisms are aggregated into floes. The 


size of the floes varies, depending on what consti¬ 
tutes the floe, from below I mm to above 20 mm 
(fungal floes can be very large) subject to the time 
available for development and the shear forces 
affecting the floes (flow/turbulence in the water). 

In general, fixed film or floe processes are divided 
into anaerobic and aerobic, depending on whether 
oxygen is added or not. Some of these natural sys¬ 
tems are briefly described in the following sections. 
Traditional intensive RAS is described in Chapter 
14 and nitrification and denitrification filters in 
Chapter 13. 

15.4.3 Examples of systems utilizing 
photoautotrophic organisms: aquaponics 

A number of systems combine growing of algae and 
plants with aquaculture. This can be accomplished 
either by direct re-use of water for fish culture or by 
sending the outlet water from the farm through an 
algae or plant culture primary for subsequent use as 
a fertilizer (e.g. IMTA or in rice paddies). Most fish 
production ponds are to some degree utilizing such 
systems. If promoting algal cultures, the water typi¬ 
cally turns a green colour but this depends on the 
grown algae. 

The term ‘aquaponics’ may be used for a system 
that in a more intensive way combines aquacul¬ 
ture and hydroponics (growing plants in water, see 
refs 15 and 16). The idea behind the system is that 
the plants utilize the waste from aquaculture as 
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Plants utilizing 



Figure 15.3 Components in an 
aquaponic system. 


nutrients, and the water is then returned to the 
fish. The plants ensure no accumulation of toxic 
substances in the aquaculture system. The main 
component is ammonia, typically decomposed to 
easily available nitrate in the root system and 
taken up by the plants (Fig. 15.3). Similar systems 
have been used since ancient times in South 
America and Asia. However, production intensity 
in such polyculture or mixed systems has been 
rather low. Today, however, the system has been 
optimized to increase intensity and production 
(for more information, see refs 17-22). Such sys¬ 
tems have also been optimized by including parti¬ 
cle separation and nitrification filters before 
delivering the nitrate to the plants. In this way the 
plant may be run more intensively, more like a tra¬ 
ditional RAS, but the plants are used instead of a 
denitrification step. An algal culture grown in the 
wastewater may also be used in a similar way. 

15.4.4 Examples of systems utilizing 
heterotrophic bacteria: active sludge and bioflocs 

Normally, no completely heterotrophic systems are 
used, but there are mixotropic systems or hybrid pro¬ 
duction systems including some with autotrophic 
activities. In what is called activated sludge or sus¬ 
pended growth systems, the microorganisms digest 
degradable material in the wastewater, such as 
protein, fat and carbohydrate, utilizing it as feed (for 
further reading, see refs 23-26). This process converts 
organic and some inorganic substances into cell mass. 
The microorganisms are typically a mixture of bacte¬ 
ria (mostly), fungi, protozoa and some rotifers, where 
enzymes play a major role in the biochemical 
processes. An active sludge system requires a basin 


where wastewater is collected and retained for some 
period of time. Naturally occurring microorganisms 
will eventually start to grow on the suspended solids 
in the wastewater and small floes are created where 
they cluster together. The microorganisms - typically 
above 90% of the active sludge biomass is bacteria - 
assimilate nutrients/waste in the water, so that the 
water is purified. The amount of biodegradable 
organic material can be measured by determining 
biological oxygen demand (BOD) or chemical oxy¬ 
gen demand (COD). Depending on the conditions in 
the basin, there is either growth of anaerobic or aero¬ 
bic microorganisms. In traditional active sludge, aera¬ 
tors are used that results in growth of aerobic bacteria. 
However, if there is only slow mechanical mixing and 
no aeration, anaerobic conditions will result. In an 
anaerobic system or if there are anaerobic zones, den¬ 
itrification of nitrate may occur, producing N^ gas or 
biogas that can be seen as gas bubbles on the water 
surface. However, in both systems it is important that 
there is proper mixing to ensure optimal conditions 
for microbiological growth. 

The food to microorganism (F/M) ratio is a good 
indicator of conditions for bacterial growth. Amount 
of food is measured as BOD/COD and VSS gives a 
measure of the size of the active sludge culture. If 
this is too low, suboptimal bacterial growth will be 
the result. The bacteria use the available food for 
own internal energy production to maintain the 
cells, and not for producing new cells (i.e. growth). 

Optimal growth conditions are required in order 
to maintain a stable, young and effective active 
sludge culture that creates good floes. Depending on 
the organism, an important factor for floe 
development includes the presence of sufficient dis¬ 
solved oxygen throughout the entire culture volume. 
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Figure 15.4 The principle of an active 
sludge system. 


which may require mixing. However, excessive mix¬ 
ing may damage the floes by causing high shear 
forces. Temperature and pH (optimal 7-7.5) are also 
important factors for bacterial growth. 

The composition of supplied nutrients is impor¬ 
tant for obtaining optimal bacterial growth. How¬ 
ever, this is typically determined by the composition 
of the wastewater and, eventually, by the recycled 
water. It is also highly dependent on which bacterial 
culture is required. In a traditional active sludge cul¬ 
ture, the following approximate ratios are effective: 
carbon/nitrogen/phosphorus, 100 :10 :1. In addition 
some trace elements are required. 

After leaving the aerobic tank, the floes are 
directed into another basin where they can settle or 
float and are removed as waste from the system 
(Fig. 15.4). A part of this waste may be returned/ 
recycled to maintain the culture in the active sludge 
basin and maintain an optimal concentration of 
suspended solids, typically in the range 2000 - 
4000 mg/L. The sludge volume index (SVI) is a meas¬ 
ure that can be used for ensuring the process runs 
optimally.A sample of the settled sludge is taken 
and the SVI is typically in the range 50-150 mL/L. 

Aerobic and anaerobic active sludge processes 
are much used in the treatment of municipal 
wastewater and could also be used in aquaculture 
for removal of ammonia and nitrate from waste- 
water, even if it is not common because it is less 
effective due to the relatively low content of 
organic matter in aquaculture wastewater, which is 
very diluted. The typical method here is to remove 
the particles first in filters with very high hydraulic 
capacity. Active sludge processes may also be 
combined, for instance for phosphorus removal. 
They may also be combined with membrane filtra¬ 
tion (membrane bioreactor, see Chapter 8 ). 
However, a similar technique involving re-use of 


Production unit 

lined pond or tank Correct C/N ratio in the water 
Created bioflocs 



'A t t t. o <SIX 


Fish eating bioflocs 
as food 


Adding of air/oxygen 


Figure 15.5 The principle of a biofloc system. 


the water with the floes is gradually becoming 
more common in aquaculture (biofloc system). 


15.4.5 The biofloc system 

A biofloc system is a system in which the water 
where the bioflocs develop is the same water where 
the fish are grown. In addition, the fish utilize the 
floes as a food source (Fig. 15.5) (for more 
information, see refs 28-32, which are also the 
source material for this subsection). 

A biofloc system is not a completely hetero- 
trophic system, even if this comprises the major 
part, because there will also be some autotrophic 
components (both photoautotrophic and chemo- 
autotrophic).The biofloc system was primary devel¬ 
oped for ponds that were run intensively, with 
collapse in the natural ecosystem as a result. 
Artificial feed, additional aeration of the water and 
excessively high fish densities resulted in very high 
concentrations of inorganic nitrogen as ammonia 
(NH 3 ) and transformed nitrite (NO^) in the pond. 
The algae and eventually plants were not able to 
control the excretion of ammonia. One solution can 
be to increase the water exchange rate and by this 
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ensure sufficient dilution. However, this may also 
expel some of the algal cultures with the waste- 
water, so it might be of only minor help. In addition, 
typically the water supply is limited on most sites so 
that there is no prospect of obtaining more water. 

Turning to biofloc technology, the outlet of the 
pond is closed so there is no excess water (this is 
actually not completely correct as there can be 
some outflow, see below). The idea behind the 
system is to ensure that the C/N ratio in the pond is 
above 10, which will stimulate the growth of hetero- 
trophic microorganisms. For growth they use both 
inorganic and organic sources, which they take from 
the water. Inorganic nitrogen is thus removed from 
the water and because of this there will be a reduc¬ 
tion in ammonia in the water. For each kilogram of 
nitrogen removed, 20 kg of carbohydrates are used. 
How much inorganic nitrogen there will be in the 
water in relation to carbon depends on a number of 
factors, including feed composition, feed conver¬ 
sion rate, and feed loss and protein digestibility. 
Feeding protein-rich diets will typically result in an 
excessively low C/N ratio in the system and it may 
be necessary to add additional carbon to ensure a 
correct C/N ratio. Organic carbon sources that can 
be added are carbohydrates such as sugar and 
molasses but starch or cellulose may also be appro¬ 
priate, even if they are not so easily degradable. In a 
good biofloc system it is also important to have 
good water circulation and additional aeration to 
avoid zones in the pond developing inappropriate 
bacterial cultures under anaerobic conditions. The 
pond actually functions as a biotechnological incu¬ 
bator, a bioreactor, and this is the origin of the name 
‘biofloc technology’. In aquaculture the bacteria in 
the pond will have a lot of available food (organic 
residues), and when air is added and the water is 
mixed properly there will be fast growth of bacteria. 
The number of bacteria has been measured to be 
between 10* and 10^ per cubic centimetre.^^ 

The fish cannot eat a single microorganism but 
may consume large numbers if they are clustered 
together in floes, containing bacteria, other micro¬ 
organism and organic particles, which will be the case 
in the biofloc system. Floe size has been observed to 
be between O.I and 2 mm. This is one of the basic 
ideas of the biofloc system, because it has been 
shown that fish species like tilapia and shrimp eat 
the floes. Since the floes contain protein (i.e. micro¬ 
biological protein), the protein content of the feed 


can be reduced, again resulting in a more optimal 
C/N ratio. Protein utilization will also be improved 
because the fish utilize it either from the feed or 
from the floes. Microbiological protein production 
of 60 and 600 kg/ha per day for shrimp and tilapia, 
respectively, has been reported.^^ Thus improved 
protein utilization is a major benefit of the system, 
together with the almost zero waste discharge. 

Even if the fish are eating the biofloc, the amount 
seems to stay reasonably constant due to continu¬ 
ous new establishment. Development of bioflocs 
can also be controlled through manipulation of the 
C/N ratio, by adding carbohydrates and by solids 
removal. It seems also that the biofloc system has a 
positive effect on the outbreak of diseases. 

To ensure that the ecosystem functions optimally, 
it is important to safeguard the C/N ratio and ensure 
aerobic conditions throughout the entire water vol¬ 
ume. The oxygen concentration should be above 
4-5mg/L (although this also depends on the 
requirements of the fish, which is normally higher). 
This is ensured by using surface aerators. The 
oxygen consumption will be slightly higher than 
for a traditional pond/tank due to the microbiologi¬ 
cal activity utilizing oxygen for creating bioflocs. 
A recommendation is to add I-I.2kg oxygen per 
kilogram supplied feed. 

Proper mixing of all the water in the pond to 
avoid dead zones is also a necessity, otherwise 
anaerobic bacteria may develop and there can be 
sludge accumulation. This is ensured by correct 
installation and the correct number of aerators. 
However, the system may become overloaded with 
sludge, in which case some suspended solids must 
be removed. This is typically done by draining the 
production unit, so that contrary to the definition 
above it is not a 100% closed system and that there 
will be some excess water. The suspended solids 
level in the pond should not be above 250-500 mg/L 
(species dependent) otherwise draining is necessary 
and eventually removal of solids from the inside of 
the pond. Very high content of suspended solids 
may also encourage the development of protozoa 
that can eat heterotrophic bacteria, reducing the 
number and again reducing the assimilation of inor¬ 
ganic nitrogen. Protozoa will also have their own 
metabolism using oxygen and releasing ammonia 
and carbon dioxide. 

To achieve the most controllable environment, 
the ponds should be lined in some way, for instance 
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with plastic, concrete, soil or laterite. Large closed 
tanks, basins, may also be used with the biofloc sys¬ 
tem with good results. In traditional ponds it can be 
difficult to ensure proper water exchange at all 
points to avoid sludge accumulation and anaerobic 
conditions. The biofloc system has also been used in 
greenhouses in winter seasons for tilapia farming 
when the temperature is too cold outside (solar 
heating). The system has also been used indoors in 
light limited tanks.^^ The system may not function 
for all species because the water is quite turbid due 
to the established floes. 

Even if the biofloc system is technically simple, 
there are a number of factors to appreciate. It is not 
like an ordinary technical component adapted to a 
given number of fish. It is an ‘artificially’ created 
ecosystem that must be established and controlled 
to ensure that it develops in the correct way, other¬ 
wise the consequences may be catastrophic. 
Therefore it is important to follow the system with 
analyses of water quality, including amount of 
oxygen, pH, alkalinity (above 50-100 mg) and 
amount of inorganic nitrogen (NH^, NO^). Graphing 
the trends in the water quality is a good solution 
because it is easy to see if the ecosystem is becom¬ 
ing unstable. Checking the amount of bioflocs in the 
system is also part of the follow-up procedure. Use 
of Imhoff cones is a simple tool for controlling the 
amount of bioflocs. The following procedure is rec¬ 
ommended^^: transfer a water sample from the pond 
to the Imhoff cone and let it stand for 15-20 min and 
then measure the volume of settled floes. In fish 
ponds typical values are between 2 and lOOmL/L 
(if it is above 30mL/L the pond may neeed to 
be drained; if it is too low, more organic carbon 
can be added). If ammonia levels are too high, the 
C/N ratio is incorrect and carbon must be supplied 
or feed nitrogen reduced (fast reaction). If nitrite 
levels are too high, there may be zones with low 
oxygen content, so check aerators and water distri¬ 
bution and whether there are zones with sludge 
accumulation; addition of carbon may also help. 

The biofloc system has a start-up time of some 
weeks. Before starting, some source of organic car¬ 
bon must be supplied to the system in addition to 
fertilizing with nitrogen to stimulate microbiologi¬ 
cal growth. Microorganisms may also be inoculated 
but this is not necessary; some soil from a pond will 
normally be enough or some water from an estab¬ 
lished biofloc pond. When starting up the system 


there will first be algal development (green water), 
then foam is created and finally the water gradually 
becomes browner as the system starts to stabilize, 
but this depends on the type of algal culture devel¬ 
oped. Each biofloc system will have its individual 
culture based on origin water quality, feed used 
and fish species grown. 

Systems that combine tank biofloc with external 
clarification, solids removal and denitrification 
have also been developed.^^ This may increase the 
production of the biofloc system. 
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Production Units: A Classification 


16.1 Introduction 

The aim of the production unit is to create a 
restricted area where aquatic organisms can be 
reared under the best possible growth conditions. A 
habitat must be created for the aquatic organisms 
within a body of water. In the unit, the organisms 
(apart from eggs) need to have access to food and 
oxygen; in addition, the waste products must be 
removed. Optimal performance of the production 
units is of major importance because they consti¬ 
tute the production system on the farm. 

When starting to develop production units, the 
aim is to create an environment that resembles nat¬ 
ural conditions as much as possible. Over a period 
of time, after the species have gone through breed¬ 
ing programmes and become more adapted to 
farming conditions, the production units may also 
be developed to increase cost-effectiveness by 
achieving greater production coupled with reduced 
investment and operating costs. 

The design of the units depends on the organisms, 
for instance whether fish or shellfish are being 
farmed, and will also vary with the species. For 
instance, requirements for flatfish are different 
from those of pelagic fish, the former requiring a 
larger bottom area. Requirements may also change 
with the development stage and will be different for 
eggs and on-growing fish. 

During the past few years, animal welfare consid¬ 
erations have been introduced into fish farming. 
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Therefore the production units should be designed 
to allow the fish to behave as naturally as possible. 

In the production unit oxygen and eventually feed 
are consumed by the organism, and waste products 
are released. The amount of oxygen consumed 
depends on the fish density, amount of feed supplied 
and the growth rate, and the same factors will deter¬ 
mine the amount of waste products released. 

The following chapters give more information 
about the most commonly used production units, 
commencing with those for storing and hatching 
eggs, continuing with tanks and ponds, and conclud¬ 
ing with cages. 

16.2 Classification of production units 

There are a number of different designs of produc¬ 
tion unit (Fig. 16.1). Several classifications systems 
can therefore be used, directly related to the pro¬ 
duction unit or the production method, which again 
influences the design of the production unit. 

16.2.1 Intensive/extensive 

One classification of production systems described 
in Chapter 1 is intensive, semi-intensive and exten¬ 
sive. The same can be used for production units. In 
extensive units the biomass is lower than is normally 
the case for cultivation. An example of a very exten¬ 
sive rearing unit is the utilization of small lakes for 
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Figure 16.1 A number of different designs 
of ciosed production units are in use: tanks 
(A), closed sea cages (B), sea cages (C), 
ponds (D), raceway (E) and tidal basin (F). 
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Continued. 















Production Units: A Classification 


213 


Land based 



Figure 16.2 Production units can be 
open or closed, and piaced onshore, in 
the tidai zone or in the sea. 



fish farming purposes. Before use the lakes should be 
cleared of natural predators. In use, fry, for instance, 
can be released and harvesting can be done with a 
seine net when the fish have reached the required 
size. In dry periods such systems may be run without 
any water or oxygen supply, the only available oxy¬ 
gen being that produced by photosynthesis occurring 
in the lake. No food is supplied and the only food is 
that naturally produced. More advanced and inten¬ 
sive is the use of artificially created ponds (excavated 
or embankment ponds). At low density such systems 
may also be run without any supply of water, the eco¬ 
system in the pond ensuring proper water quality in 
the pond. However, when artificial feeding of the fish 
in the pond is commenced, it is necessary to increase 
the oxygen supply and remove the waste products, 
thus gradually progressing to more intensive systems. 
Tanks allowing high fish density represent intensive 
production units. 

16.2.2 Fully controlled/semi-controlled 

Another way to create simple and quite extensive 
rearing units is to fence in a water volume, in lakes, 
rivers or the sea, and so create a restricted volume 
(a pen) where fish or other aquatic organisms can 
be reared. Normally the fence is made of net or 
wire, but the use of electric barriers has also been 
proposed. If using a net, the fence may be estab¬ 
lished by means of a post planted in the ground. The 
area that is fenced in will vary with the geographical 
conditions, amongst other things. For example, by 


restricting an area in the sea between two narrow 
necks of water may create a very large farming 
volume. Dams of natural earth or concrete may also 
be used to restrict small natural bays and give a low- 
cost production volume. 

Classification can also be based on the possibili¬ 
ties for controlling the environment inside the pro¬ 
duction unit. If the bottom or walls are made of 
fixed materials such as concrete, steel or plastic, 
control over the water environment may be possi¬ 
ble, as in a closed production unit. In addition, a 
light-tight insulated superstructure will give full 
control of the environment. Cages floating in sea 
water represent an open production unit where full 
control of environmental factors is impossible; the 
only factor that is controlled is that the fish are col¬ 
lected in a restricted area. However, if the cage is 
closed with a tarpaulin, for example, more control 
will be possible (Fig. 16.2). 

16.2.3 Land based/tidal based/sea based 

Units can also be classified depending on where 
they are placed: on land, in the tidal zone, or in the 
water (sea or fresh water) (Fig. 16.2). On land the 
units will be closed. The water supply and exchange 
is either gravitational or pumped. 

Units in the tidal zone are normally closed, but 
may also be open. In the latter case the water level 
in the unit will vary according to the tide. If the unit 
is closed the water may either be pumped or the 
tide can be used to ensure water supply and 
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Rising tide 




Figure 16.3 Use of a tidal basin 
where special valves control the water 
supply and exchange so only bottom 
water is taken into the basin. 


exchange. If using the tide there can be batch 
exchange, meaning exchange only occurs when the 
tide is high. Specially designed valves may also be 
used, either taking in only surface water or taking in 
only bottom water (Fig. 16.3). 

Sea-based farms float in the water, normally on 
the surface, but submerged units may also be used. 
Normally they have an open construction, like sea 
cages, where water supply and exchange is ensured 
by the natural currents. However, the units can also 
be closed with sealed walls and bottom (Fig. 16.2), 
in which case a pump must be used to ensure water 
supply and exchange. The advantage with such sys¬ 
tems compared with land-based units is that the 
pumping head is reduced, and by this the cost. 

16.2.4 Other 

A number of other categories are also possible. One 
is based on the means of water supply and exchange, 
whether continuous or batch. Another is based on 


the investment cost per unit farming volume or per 
unit farming area. Sea cages and ponds represent 
relatively low-cost systems, while circular concrete 
tanks represent high-cost systems. 

If fresh water is fed into a seawater pond, because 
of the density difference it will form a layer on top 
of the sea water for a period of time. This can be 
utilized in specially designed production units for 
artic char farming during the winter because they 
do not then tolerate full salinity. A freshwater/ 
brackish layer can be kept in a sea cage by having a 
tarpaulin skirt in the upper part of the net bag walls 
with an open lower netted part and sending fresh 
water in through a pipe (Fig. 16.4). 

Another way that this density gradient can be uti¬ 
lized is by sending fresh water into a closed lagoon 
or basin of sea water. Because of the density differ¬ 
ence the fresh water will float on top in a separate 
layer and a ‘greenhouse effect’ can be achieved. 
Heat radiation will penetrate into the sea water but 
reflection is reduced because of the border layer 
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(A) 


Supply of fresh 
water through a pipe 




Net bag 



Figure 16.4 Production units utiiize 
the fact that fresh water has a iower 
density than sait water, either to create 
a voiume of fresh water in a sea cage 
(A) or to heat the water in a basin (B). 


between the salt and fresh water, so the tempera¬ 
ture of the sea water in the basin will increase more 
than that of the fresh water on the surface. This 
principle can be used for oyster spat farming in the 
northern hemisphere for example (Fig 16.4). 

16.3 Possibilities for controlling 
environmental impact 

It will become increasingly important to control the 
environmental impacts of aquaculture, mainly the 
discharge of nutrients, organic substances and micro¬ 
organisms, as well as escape of fish. The possibilities 
for control will depend very much on the design and 
construction of the production unit. For closed units, 
control is normally possible by collecting and treat¬ 
ing the outlet water from the unit. Closed produc¬ 
tion units may also float in the sea and here treatment 
of the outlet water is rather more difficult; it is best 
to have a small height difference between the pro¬ 
duction unit and the treatment plant. Floating 
production units may also be damaged by waves, so 
shallow sites must be chosen for such installations. 


For open production units like sea cages the pos¬ 
sibilities for controlling the environmental impact 
are limited. It is therefore important to use sites 
that tolerate discharge of nutrients and organic 
substances without local accumulation. 

In open production units in the sea there will 
always be possibilities for fish to escape as a result 
of construction failure. The weather is unpredictable 
and large waves can result in breakage of the pro¬ 
duction unit. Necessary precautions must therefore 
be taken, including optimal design of the unit and 
units adapted to the site. A typical open production 
unit is the sea cage, for which correct mooring is 
important. In addition, it is important that the net 
bags are strong enough for the site and are regularly 
inspected. Double net bags have also been used, as 
have nets around the farm area, all to prevent fish 
escaping. 

Fish escape from closed production units may 
also occur, especially at the fry stage, even if this 
theoretically can be avoided. The fry follow the 
outlet pipes out of the unit. An absolutely secure 
screen should therefore be set in the outlet system, 
its sole purpose being to prevent escape of fish. 




17 

Egg Storage and Hatching 
Eqnipment 


17.1 Introduction 

The main purpose of units for storage and/or hatching 
of eggs is to create a restricted area where the eggs 
can grow under optimal conditions. Separate units 
can be used for storage and hatching, or the same 
unit can be used for both purposes. It is also possi¬ 
ble to combine the hatching equipment with later 
holding of fry and eventually also for first feeding. 
Units for the incubation of eggs are often called 
incubators. 

In the storage unit, the eggs must be supplied 
with sufficient new water to meet their oxygen 
requirements and remove metabolic waste prod¬ 
ucts. Continuous addition of new water will also 
achieve the necessary water exchange that is essen¬ 
tial to inhibit the growth of fungi that may increase 
mortality. In addition, the quality of the water is of 
great importance at the egg stage. As the oxygen 
requirement is low at the egg stage, it is possible 
to not have a continuous supply of water but to 
exchange water in batches, provided that there is 
no fungus problem or an antifungal agent is added 
to the water. Addition of air through diffusers may 
also be used to supply oxygen. 

The design and function of the units depends on 
how the eggs need to be stored and the intensity of 
production. Eggs from different species have differ¬ 
ent storage requirements. Some prefer to lie on the 
bottom or on/in a bottom substrate; others prefer to 
stay pelagic in the free water mass, while others 
again are stored inside the females: under wild 
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conditions, for instance, Tilapia stores the eggs in the 
mouth and initially the wolf fish stores them inside 
the ‘belly’ for fertilization before laying demersal 
eggs. Salmonids and catfish are representatives of 
the first group where eggs prefer to stay on the bot¬ 
tom, while several marine species such as cod and 
halibut and several freshwater species belong to the 
second group. Under farming conditions, however, 
one species may be adapted to use a rearing system 
different to that used in the wild, such as holding 
pelagic eggs on a bottom substrate. Normally, sys¬ 
tems in which the eggs lie on the bottom or on a 
bottom substrate are easiest to build and control. 
There are also differences in how the egg lies, 
because some species have single eggs, while in oth¬ 
ers the eggs lie together in a matrix or with a ‘cover’ 
around the egg batch. Egg size varies significantly 
between species and this is also of major importance 
when designing storage and hatching units with the 
required water supply; the task is more difficult with 
smaller eggs. 

Egg production can be separated into intensive 
and extensive farming, and this also influences the 
design of the equipment. For more extensive farm¬ 
ing, ponds, net pens or cages may be used, but of 
course the production per volume unit will be 
reduced. If using extensive systems, the eggs can be 
collected and put into intensive hatching systems or 
the hatching can be performed in the extensive 
system, depending on production strategy. Egg 
production is normally based on artificial spawning, 
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but egg production can also be based on collecting 
wild eggs that are introduced into extensive or 
intensive farming systems. 

In this chapter the focus is on intensive farming 
systems. Because of the great differences between 
species, it is difficult to give a general overview of 
the units for storage and hatching of eggs. Therefore 
information is given concerning the two basic meth¬ 
ods: (1) systems where the eggs stay pelagic and 
(2) systems where the eggs lie on the bottom or on a 
bottom substrate. However, the basic principles of 
the two categories are the same and also used for 
other species. Many textbooks are available with 
more detailed information regarding the require¬ 
ments of the various species, as this is of great 
importance for egg storage equipment (see, for 
example, refs 1-5). 

17.2 Systems where the eggs 
stay pelagic 

Two production methods are commonly used for 
pelagic eggs, which may influence the design of the 
incubator. Either the eggs stay in the same unit until 
hatching is finished, or there is a two-step process 
using two separate units where the eggs are removed 
before hatching. In both units the eggs stay pelagic 
(Fig. 171). The normal difference is the size of the 
incubators; for the second step large units with a vol¬ 
ume of several cubic metres may be used. The system 
chosen is also species dependent, and there will 
always be species-dependent adjustments to be made. 

If the eggs are to stay pelagic in the water column, 
it is important to create an environment that makes 
this possible. A suitable incubator has both a water 
inlet and a water outlet. Inside the incubator an envi¬ 
ronment must be created that is as close to natural 
conditions as possible for pelagic eggs; at the same 
time oxygen must be supplied and waste products 
removed. Most usually, a small up-flowing (upwelling) 
current is created so that the eggs will stay in suspen¬ 
sion in the incubator, as in a fluidized bed. 

17.2.1 The incubator 

The traditional shape of an incubator for storage 
and hatching of pelagic eggs is a cylinder with a 

-► 

Figure 17.1 Incubators for (A) storage of pelagic eggs 
and (B) hatching of eggs and storage of yolk sac fry. 
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Figure 17.2 Designs of incubator for peiagic eggs: (A) cyiinder with a conical bottom; (B) funnei-formed. 


conical bottom (Fig. 17.2). With this shape it is easier 
to achieve a good flow pattern in the unit. However, 
funnel-shaped units can also be used (Fig. 17.2). 
Traditional tanks (see Chapter 18) can be used, but 
are not ideal. 

Having a conical bottom makes it possible to 
remove the dead eggs easily by tapping them out 
through an outlet in the bottom of the cone. In prac¬ 
tice, several methods are used: for instance, stop¬ 
ping the water flow or adding a plug with higher 
salinity and thereafter stopping the water flow.*’’ In 
both systems dead eggs will sink to the bottom, 
while live eggs will remain in suspension due to 
their greater buoyancy. 

Incubators are normally constructed of fibreglass 
or polyethylene. Glass jars may also be used, but 
this occurs more typically in smaller units. The 
normal size of incubators varies from some litres to 
several thousand litres. 

17.2.2 Water inlet and water flow 

To create an up-flowing current in the incubator, 
the inlet is normally placed at the bottom and the 
outlet at the top. Various flow patterns can be 
created in the up-flowing water.® It is important 
that the up-flowing water forms a ‘plug’ that equals 
the complete cross-sectional area of the incubator. 
The up-flow velocity must be the same at every 
point over the cross-sectional area of the incubator; 
this will enable the eggs to remain in suspension. 
Although it is common to place the inlet at the 


bottom of the incubator, vertical spray inlets may 
also be used provided that the outlet is placed at the 
top of the water column. An up-flow will also be 
created in this way. Air bubbling through diffusers 
on the bottom of the tank may also be used to cre¬ 
ate an up-flowing current, and this can be used to 
reduce the necessary water flow. Air bubbling may 
also be used to prevent aggregation of the eggs on 
the water surface. 

The amount of water to be added is dependent 
on the size of the incubator, the number of eggs and 
the species. For example, in a 700-L incubator for 
cod eggs the water supply must be at least 3 L/min,’ 
while the recommended water flow for a 250-L 
incubator for halibut eggs is 3-4 L/min.® It is impor¬ 
tant that the vertical flow velocity is not too high to 
avoid lifting the eggs to the surface. This can be 
monitored if transparent materials are used for the 
incubator or there are inspection windows. 

17.2.3 Water outlet 

It is important to avoid having too high a flow 
velocity through the outlet screen otherwise the 
eggs are dragged towards the outlet screen where 
they may get stacked (a large surface area of the 
outlet screen is therefore important). Several solu¬ 
tions are used to avoid this (see, for instance, 
refs 9 and 10). Outlet systems can either have a 
screen around the total circumference or part of the 
circumference, or the outlet can be within the incu¬ 
bator; the last may, for example, be an open pipe 
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Figure 17.3 Outlet screen in an 
incubator for halibut eggs (seen here 
as white on the surface). 


covered with a screen (Fig. 17.3) or what might be 
called a ‘banjo’ screen. A banjo screen is a banjo¬ 
shaped screen placed inside the incubator. When 
using an internal screen it could be place some dis¬ 
tance below the surface to ensure pressure on the 
outlet screen. 

The holes in the screen must be small so the eggs 
are not lost. Typically, a plankton cloth with suitable 
mesh size is used. For halibut, a mesh size of 250 pm 
can be used.® To avoid blockage of the outlet screen, 
air bubbles may be blown against it. 

17.3 Systems where the eggs lie 
on the bottom 

There is much experience concerning eggs lying on 
the bottom and several systems have been devel¬ 
oped for intensive fish farming, especially for use in 
salmonid farming. It is possible to divide these into 
three different systems: 

(1) A system where the eggs remain in the same 
unit for the whole process from spawning up to 
fry ready for first feeding. 

(2) A system where the eggs lie in thick layers and 
must be moved before hatching. 

(3) A system where storage, hatching and first 
feeding are carried out in the same unit. 


The system chosen depends on the management 
strategy for the hatchery, i.e. whether the farm pro¬ 
duces eggs for its own use or for sale. If the farm is 
to produce eggs for sale they may lie in thick lay¬ 
ers, because these will be sold before hatching. 
This system is suitable for salmonid eggs that are 
sold as eyed eggs, because they tolerate a lot of 
handling. 

17.3.1 Systems where the eggs lie in the same unit 
from spawning to fry ready for start feeding 

Hatching troughs 

A common unit is the hatching trough with trays 
inside; this is also known as the California system 
(Fig. 17.4). Trays or boxes are placed beside each 
other lengthwise in the trough. The trays have a per¬ 
forated bottom and one of the sidewalls is also per¬ 
forated. Water is supplied at one end of the trough 
and leaves from the opposite end. A level outlet 
controls the water level in the trough. 

Inside the trough the tray is installed so that 
an undercurrent of water is forced to flow up 
through the perforated bottom, through the layers 
of eggs lying in the tray and then out through the 
perforated side of the tray. The water is then 
forced down to the bottom of the trough and up 
through the perforated bottom of the next tray. 
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Figure 174 Hatching troughs with trays inside are much 
used in saimonid farming where the eggs are iying on the 
bottom. 


In this way an undercurrent is generated in all 
the trays in the trough. 

After hatching there are large amounts of egg¬ 
shells to be removed to prevent obstruction of the 
outlet grating. To increase the grating area an 
L-shaped outlet grating can be installed in the tray 
during hatching. 

The typical size of one type of hatching tray is 
40 X 40 X 15 cm. In each trough there may be four to 
seven trays. The number of eggs in each tray is spe¬ 
cies dependent; normally 1-2 L or two layers of 
eggs is recommended for salmon. The recom¬ 
mended water flow to each trough is 7L/min and 
12L/min, for troughs with four and seven trays, 
respectively. If the water supply is too great, the 
undercurrent may lift the eggs in the trays; increased 
mortality may occur if the eggs are moved during 
critical phases in the incubation period. The troughs 
and trays are usually made of glass-reinforced 
plastic. 

There are also simpler hatching troughs where the 
eggs are not distributed in individual trays, but placed 
along the whole surface of the trough. The water 
enters on one side and leaves from the opposite side. 
Such a system has no up-flowing water through the 
egg layers, but a horizontal flow. The capacity per 
area unit is therefore lower. In addition, the hatching 


results are normally reduced, and the work require¬ 
ment for production is increased. 

A special type of hatching trough, or small race¬ 
way, can be used in channel catfish production. 
Here the eggs are put into stiff cloth baskets. 
Between each basket there is a space where a small 
paddle wheel rotates (Fig. 17.5) to simulate the fan¬ 
ning action of the adult male. As catfish eggs are 
deposited in an adhesive yellow mass, it may need 
to be broken into smaller pieces before being placed 
in the baskets. 

Artificial substrate 

Artificial substrate can be placed in the bottom of 
the trays to improve the results (Fig. 17.6). The eggs 
are laid on top of a perforated plate in the hatching 
trough, and when hatching occurs the yolk sac fry 
(alevins) will move down through the perforations. 
The artificial hatching substrate is located below 
the perforated plate. This substrate creates small 
spaces where the yolk sac fry can stay in an upright 
position. In this way only a small percentage of the 
yolk sac is used for swimming and maintaining bal¬ 
ance. Instead this energy is used for growth. The 
substrate can be designed in many ways, from 
squared cells to mats made of artificial grass (e.g. 
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Figure 17.5 System for rearing eggs of channel catfish. 


AstroTurF“). The mats are usually made of plastic. 
Increased growth and reduced mortality have been 
achieved for salmonids with the use of artificial sub¬ 
strate. It is important that the artificial substrate 
does not release toxic substances into the water. 

Hatching cabinet 

In the hatching cabinet the eggs are placed in draw¬ 
ers or on racks (low boxes) on top of each other. 
There are two different designs of hatching cabinet: 
either water droplets fall from the top, or there is an 
individual water inlet and outlet in each drawer 
(Fig. 17.7). 

The second design is the most used; the construc¬ 
tion includes an individual inlet and outlet to each 


drawer, with the outlet keeping the water level con¬ 
stant. The drawer has a perforated bottom where 
the water flows up through the layers of eggs. After 
passing through one drawer the water is sent into 
the drawer below. This system has the advantage 
that it maximizes the space utilization in relation to 
hatching trough and trays, but it is more difficult to 
control and reduced production may result. 

Systems using the first design comprise a num¬ 
ber of drawers made of perforated plates where 
the eggs are distributed. Water is supplied from the 
top and flows down through the layers. However, 
the eggs must be removed before hatching in this 
system. 

17.3.2 Systems where the eggs must 
be removed before hatching 

In egg-rearing cylinders the eggs are layered on top 
of each other (Fig. 17.8), so this system cannot be 
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Figure 17.7 In hatching cabinets the eggs are placed in 
drawers or racks above each other. 


used through to hatching, and for salmonids only to 
the eyed egg stage. In these cylinders the water is 
taken in at the bottom and a distribution plate 
ensures that it is distributed evenly through the 
layers of eggs via an underflow. The water will then 
flow up through the layers of eggs and over the 
top edge of the cylinder to the outlet. To avoid air 
bubbles or clogging, the distribution plate must be 
set at an angle and there is an aeration pipe in the 
centre of the cylinder. From here air bubbles can go 
to the surface without passing through the layers of 
eggs in the cylinder. If the air bubbles must pass 
through the egg layers they may increase mortality 
by moving the eggs during a critical phase of 
development. 

A commonly used egg-rearing cylinder contains 
approximately 30 L of eggs; the necessary water 
supply is 5-7 L/min. The great advantage of using 
these cylinders is that more eggs can be stored in a 
restricted area, up to 120 L/m^ floor area. The cyl- 



Pipe for release 
of air bubbles 



Figure 17.8 In the egg-rearing cylinder layers of eggs 
are stacked on top of each other, but must be removed 
before hatching. During incubation the eggs must lie 
completely still. 

inders are often made of polyethylene, and are 
typically 80 cm high and 50 cm diameter. Larger 
tanks of up to 200 L may also be used with an 
up-flow of water, but here control of conditions is 
reduced. 
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Figure 17.9 Tank for combined egg storage, hatching 
and start feeding. 

17.3.3 Systems where storing, hatching and first 
feeding are carried out in the same unit 

There is also special hatching equipment that may 
be placed directly into the first feeding units 
(Fig. 17.9). The space, water supply and water outlet 
to the first feeding units can then also be used for 
storing and hatching of the eggs. In one arrange¬ 
ment the hatching installation consists of a perfo¬ 
rated inner bottom and a fixed exterior bottom 
where the hatching substrate can be attached. It is 
placed inside the tank on legs and a special larvae 
outlet is directed into the tank outlet. The advantage 
with this system is that the same unit is used for egg 
storage, hatching and first feeding. Therefore less 
space is needed and no separate hatchery is neces¬ 
sary. Because of the lack of a special isolated area, 
problems with disease can be a disadvantage with 
the system; neither is it as suitable for specialized 
egg production. The system is most commonly used 
in smaller farms. 
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Tanks, Basins and Other Closed 
Production Units 


18.1 Introduction 

The main purpose of a closed production unit is to 
create a restricted volume where the fish or other 
aquatic organisms can be fed in a high-quality 
water environment. For fish, the units may be used 
from first feeding of fry up to on-growing. Closed 
production units are used for both freshwater and 
seawater species. A unit includes the water inlet, 
the production unit and the water outlet (Fig. 18.1). 

For a closed production unit to function as opti¬ 
mally as possible, a number of requirements can be 
set in addition to the main requirement that the 
unit should produce as much fish as possible at low 
cost. These are as follows: 

• The supplied water, including the oxygen dissolved 
in the water, should be distributed evenly through¬ 
out the entire production unit. 

• The fish should be evenly distributed in the total 
production volume. 

• The fish must be transported effectively in and 
out of the unit. 

• The unit should require a minimum of manual 
cleaning. 

• The inner surface should be smooth and require 
little cleaning and maintenance. 

• The unit should be easy to operate, which means 
it should be easy to clean, to remove dead fish 
and to perform other handling fish tasks. 

• The unit should have low investment costs per 
unit effective farming volume. 
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This list shows that there are a number of 
requirements that need to be fulfilled before a pro¬ 
duction unit functions optimally. Flowever, compro¬ 
mises have to be made because it is difficult to fulfil 
all requirements. For example, some species prefer 
to lie on the bottom and do not utilize the entire 
water column (non-pelagic species). This chapter 
gives a survey of the design and construction of 
closed production units. The focus is on tanks with 
a circular flow and species that utilize the entire 
water column. Flowever, there is a wealth of general 
information for all types of closed production units. 

18.2 Types of closed production unit 

The flow pattern of the water in the unit can be 
used to classify closed production units (Fig. 18.2). 
They can be: 

• Production units with a circulating water flow 

• Production units with a one-way water flow. 

Production units with a circulating water flow may 
again be separated into tanks with a circular flow 
pattern (as is most common) or oval tanks that have 
an oval flow pattern, of which there are several 
types,^’^ for example Foster Lucas tanks and 
Burrow tanks, as well as different ovals and pipe 
connections. Among the traditional tanks with 
circular water flow, one type may be defined as a 
farming silo. This is a circular tank of greater height 
than diameter, i.e. a tower. It is normally difficult to 
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Water distribution pipe Production unit 



Figure 18.1 The main components in 
a ciosed production unit inciude the 
water iniet, the storage unit and the 
water outiet. A circuiar tank is used as 
an exampie. 


One-way flow 


Earth pond 




Raceway 



Circulation flow 


Burrows tank , , , 
Inlet 



Inlet Outlet 




Figure 18.2 Production units can be 
separated into units with a circuiating 
water fiow and those with a one-way 
water fiow. 
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achieve satisfactory water exchange and self-cleaning 
in silos (see section 18.7). 

Earth ponds belong to the group of production 
units with one-way water flow and represent the 
oldest type of closed production unit used for fish 
production. They are mainly used for extensive fish 
farming, i.e. there is a low production per unit farm¬ 
ing volume. Earth ponds are described separately in 
Chapter 19 because they have so little in common 
with other closed production units such as tanks. 
According to the requirements for closed produc¬ 
tion units, the main interest in using ponds is the 
low initial cost per unit farming volume. In addition, 
normally a natural ecosystem that can be utilized is 
created inside the ponds. In some countries such as 
Norway, no new permits for earth ponds are given 
unless they are dried once a year. This is because 
it is quite difficult to control disease as pathogenic 
microorganisms may survive in the earth. If the 
ponds are dried during the winter season, these 
microorganisms will probably be killed. A layer of 
lime (which increases pH) may also be used as a 
disinfectant. If the ponds are covered with a plastic 
tarpaulin (polyvinylchloride or polyethylene) the 
problems are avoided because such ponds may be 
cleaned inside, but this is not a normal pond design, 
and such installations are more like a traditional 
tank with no ecosystem inside. 

A further development of the earth pond is the 
raceway, which also uses the one-way flow pattern. 
This is a fixed construction often of concrete, built as 
a long rectangle. The water is supplied at one end and 
the outlet is located at the opposite end. Raceways 
are quite commonly used for various species through¬ 
out the world. However, raceways require quite large 
amounts of water to have effective hydraulic self¬ 
cleaning of their total volume,^’and even then it is 
very difficult to get good cleaning results. Normally, 
some kind of mechanical equipment is necessary for 
additional cleaning of the raceway. It is therefore 
important to create a good flow pattern inside the 
unit, with a correctly designed flow inlet and outlet, 
to ensure uniform water flow through the entire 
cross-sectional area and length of the raceway to 
reduce the requirement for manual cleaning. During 
the past few years, a specially designed raceway with 
a very low water level (10-50 cm) has been devel¬ 
oped.^ The unit is specially designed for fish species 
that need a bottom to lie on and do not utilize the 
entire water column, for example halibut and wolf 


fish. The unit is constructed so that it can be installed 
in tiers, one above the other. 

Closed floating cages are also a type of closed 
production unit. In this case, both circulating water 
flow and one-way flow systems have been tried in 
different variants that have been constructed using 
different materials. In one variant the traditional 
net bag in a sea cage has been substituted by plastic 
sheeting. Water is pumped into the bag tangential 
to the edge and the outlet is placed in the centre of 
the unit. This creates water circulation inside the 
bag (see, for example, ref. 6). The advantage of this 
type of unit is that it lies on the water surface and 
there is only a small head to overcome to pump the 
water into the cage, compared with, for instance, 
closed production units placed on shore and where 
sea water is normally pumped several metres. This 
type of production unit is undergoing much new 
development as a result of escape of fish from sea 
cages equipped with traditional net bags. 

As discussed, a closed productions unit can be 
built in several ways and can have different water 
flow patterns. However, the design of the produc¬ 
tion unit depends on the type of aquatic organism 
to be grown and its requirements regarding water 
distribution and bottom conditions. 

18.3 How much water should 
be supplied? 

The reason for adding water to a closed production 
unit is to give the fish or shellfish access to oxygen 
and remove waste products excreted by the fish. In 
this way, a water environment that creates optimal 
conditions for growth is established. The amount of 
water that must be supplied to a closed production 
unit depends on a number of variables, including 
species, fish density, growth stage and rate, water 
temperature, whether adding pure oxygen or 
not, and whether hydraulic self-cleaning occurs or 
manual cleaning is required. 

Tables showing the supply of water necessary to 
satisfy the oxygen requirements of fish and shellfish 
at different water temperatures have been devel¬ 
oped for many species. The amount of water that 
must be added to the production unit to cover 
the oxygen consumption of the fish can be calculated 
based on the amount of fish and water temperature. 

Provided the quality of the water supplied is 
acceptable, one way to regulate the necessary 
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supply of new water to a closed production unit can 
be to monitor the oxygen concentration in the out¬ 
let. This must be at an acceptable level for optimal 
growth of the actual species, and is normally around 
7 mg/L. By using electronically controlled actuator 
valves for controlling the inlet flow, it is possible to 
have fully automatic flow control based on the 
oxygen concentration in the outlet water. 

The amount of inlet water can be reduced by 
adding pure oxygen to the incoming water or inside 
the production unit. With high fish density and 
rapid growth, however, consideration must be given 
to the concentrations of CO^, suspended solids and 
NHj that might become excessive when adding 
oxygen. If this is the case, these substances need to 
be removed; this requires water treatment as is car¬ 
ried out in a water re-use system (see Chapter 14). 

The hydraulic forces in the water supplied to the 
tank may also be used to clean it; this is known as 
hydraulic self-cleaning. Extra requirements then 
apply to the amount of added water (described in sec¬ 
tion 18.7). This gives another method for calculating 
the necessary supply of new water. If this water supply 
does not fulfil the requirements for oxygen, pure 
oxygen gas must be added to make up the shortfall. 

18.4 Water exchange rate 

The water exchange rate indicates how quickly 
the water in closed units is exchanged. This can be 
defined as the period for which a specific water 
molecule stays in the unit before leaving via the 
outlet (Fig. 18.3). As the new incoming water will be 


mixed with the ‘old’ water in the tank, the outlet 
water will always contain both new and old water. 
It is important to realize this, and means that if one 
tank volume is run into a tank full of old water, 
only part of the old water is exchanged, not all. 
To describe this, the term ‘ideal water exchange’ is 
used. When expecting ideal water exchange and 
adding IL of new water to 100 L of old water, the 
new and old water will be mixed immediately; for 
example, the addition of IL red water to 100 L of 
clear water instantly results in pink water. This is a 
simplification, but it helps us to understand better 
what is happening with water exchange and does 
not require difficult equations. 

Mathematically, the water exchange rate can be 
calculated as follows (based on developing a differ¬ 
ential equation): 

F=(l-e“""')xl00 

where t represents time after start of filling water 
into the unit, th time necessary to fill one tank volume 
at the actual water flow rate (also known as the 
theoretical retention time) and F water exchange 
rate (proportion of the water volume in the unit 
that is exchanged after time t). 

Example 

Fifty litres of new water is added to a tank that contains 
100 L water, described as old water, over a period of 
5 min (i.e. lOL/min). The same amount of old water 
flows out through the outlet because the water vol¬ 
ume and level are constant. How much of the water 
volume is exchanged after 5 and lOmin, respectively? 



T 


Figure 18.3 Amount of water exchanged 
in a tank in relation to time. 
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Setting t = 5 min 

th= 100L/(10L/min)=10min 
i7=(l-e-^™)xl00 
f=(l-0.605)xl00 
F=39.5% 

Setting t= IQ min 
F= 63.2% 

This means that by adding a water volume equal to 
the tank volume only 63.2% of the water is exchanged, 
not all as might be expected, the reason being that 
new and old water are mixed. 

18.5 Ideal or non-ideal mixing 
and water exchange 

The aim in designing a closed production unit, 
including the inlet and outlet, is to achieve the 
most effective mixing possible of the new incom¬ 
ing water with the old water, together with good 
exchange of water in the entire farming volume. 
No new water must go directly to the outlet, by 
what could be called a shortcut; neither must there 
be areas or zones in the unit were there is small or 
no exchange of water, so-called ‘dead zones’ 
(Fig. 18.4). Since water exchange does not occur in 
the completely dead zones, no new water or oxy¬ 
gen is supplied, so the fish will prefer not to stay 
there and the effective farming volume will be 
reduced below the real tank volume. If there are 
shortcuts, part of the inlet water will go directly to 


the outlet without having been properly utilized by 
the fish; this results in non-ideal mixing. Shortcuts 
will also result in zones where the water flows much 
more slowly than elsewhere and water exchange 
will therefore not be satisfactory. 

A picture of the velocity gradients within the 
production unit can be found by using a specially 
designed small propeller - a velocity meter - to 
measure the flow rate at different points in the tank 
both horizontally and vertically (different depths). 
Eventually, dead zones and zones where the water 
flow is too fast will also be identified. 

A number of factors, including design of the tank, 
the inlet and the outlet, will affect water exchange. 
Before starting to use a new tank design or inlet or 
outlet system, it is advantageous to test the flow 
pattern in the tank and find the velocity gradients. 

18.6 Tank design 

Several designs of tanks with circular water flow are 
in use. What is important when choosing a design is 
that the new water is uniformly distributed through¬ 
out the entire tank volume. Round or polygonal (six 
to eight edges) tanks with a circulating flow pattern 
are suitable because they have no dead zones pro¬ 
vided that the inlet and outlet are correctly designed. 
Square tanks, however, have dead zones in each 
corner and the effective farming volume is there¬ 
fore not so large; for this reason square tanks are 
not recommended. Nevertheless, square and rectan¬ 
gular tanks with cut corners have been shown to be 


inlet 



Inlet 



Figure 18.4 Water exchange rate in tanks 
with dead zones. 


Dead zones 
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Figure 18.5 Example of an octagonal tank (a square 
tank with cut corners). 

quite good; experience with tanks having a total 
side length of a and corners of size al5 shows they 
are well suited’ (Fig. 18.5). For other tank designs 
such as raceways or earth ponds, it is far more 
difficult to avoid dead zones, and the effective fish 
production volume is normally less than the actual 
tank volume. 

When selecting a tank design, it is also important 
to take into account the utilization of the area; 
square tanks with cut corners utilize this well, 
achieving several cubic metres of farming volume 
per metre squared surface area. Raceways will also 
utilize the area satisfactorily. 

Utilization of the tank construction material is 
another factor that must be considered when 
deciding the shape of the tanks. Circular tanks will 
have the best utilization of the construction mate¬ 
rials. The pressure of the water is equally distrib¬ 
uted all around the circumference of the tank and 


therefore a thinner wall may be used than for 
square tanks. In square tanks the forces are greatest 
in the middle of the sides, and there is an accumu¬ 
lation of forces in the corners. The height of the 
tank will also be important because the pressure on 
the tank walls and hence the necessary thickness 
will increase. 

The bottom of the tank could be horizontal or 
have a small slope towards the outlet, which is usu¬ 
ally in the centre of the tank; however, a part outlet 
might be in the tank wall (see section 18.10). 
However, there is little benefit from sloping the 
bottom towards the grating and outlet of the tank 
when a correct flow pattern exists inside the tank. 
This is because the most important mechanisms for 
transport of the settled solids (faeces, feed loss) are 
the water flow and its hydraulic force, not gravity. 
Even a small upward slope (2-5%) to a centrally 
placed outlet has been used by the author with 
good results in tanks with a circulating flow pattern. 
This also confirms that the most important factor 
for transport of settled solids to the outlet is the 
force created by the water flow, rather than the 
bottom slope and force of gravity. When non-self- 
cleaning flow conditions exist, for instance because 
fry production requires water flow of low velocity, it 
is important to have a slope to the outlet grating to 
be able to utilize gravity forces. However, this slope 
must be quite large to fully exploit the effect of 
gravity. In a filter unit the angle is recommended to 
be above 55° to utilize the force of gravity so that 
the settled solids slide; this is because the density of 
aquaculture solids is low (1.05-1.2) and almost 
equal to that of water.® ’ 

The height of the tank compared with the dia¬ 
meter will also affect the water exchange. For tanks 
with a circular flow pattern, a ratio of diameter to 
height of between 2 and 5 has been successfully 
used. If the tank diameter is 10 m, the height could 
therefore be between 2 and 5 m. For tanks that do 
not fall within these ratios, special attention must be 
given to the design and placement of the inlet and 
outlet. If the ratio is lower, the inlet should be 
placed some distance away from the tank wall, 
closer to the centre of the tank. Tanks where the 
height is greater than the diameter are often called 
silos; by using such tanks high production can be 
achieved per unit area. However, it is difficult to 
achieve proper water exchange throughout the 
entire volume in such constructions. 
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(A) 




Various materials are used to fabricate tanks 
(Fig. 18.6). It is important that there is a smooth 
surface inside the tank to reduce problems with 
fouling, and that the material does not release any 
toxic substances into the farming water. Glass- 
reinforced plastic is a commonly used material for 
tanks, because it can be produced with a very smooth 


(B) 



Figure 18.6 Tanks of different materials: concrete (A), 
tarpaulin with a framework of wood plates (B), fibre- 
glass (C), stainless steel (D), coated steel plates (E). 

surface; small tanks are also light and easy to move. 
The tanks are either delivered completely finished 
or as elements that are screwed together on site. 
Plastic (polyethylene) may also be used and is a light 
and cheap material. New material has a very smooth 
surface, but is more prone to ageing and the surface 
gradually becomes less smooth. The surface also 
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scratches more easily. The tanks are either made of 
plates welded together into tanks or the tanks are 
rotation cast (a special casting process). Concrete is 
much used for larger tanks, where the price is com¬ 
petitive; concrete may also be mixed on site or pre¬ 
fabricated elements can be joined together. The 
other material that has been used to some extent is 
metal, for example steel plates (stainless, acid-proof 
or coated) or aluminium (special quality). Tanks of 
tarpaulin with a frame of steel or wood represent a 
low-cost easily movable construction. 

18.7 Flow pattern and self-cleaning 

A flow pattern will be created inside a production 
unit having a water inlet and outlet. It is important 
that this flow pattern encompasses the entire unit 
so that all the fish can come into contact with flow¬ 
ing water. The flow pattern depends on the design 
of the production unit. 

In a tank with a circulating water flow and correctly 
designed inlet and outlet, two flow patterns will 
occur: the primary flow and the secondary flow 
(Fig. 18.7). The primary flow causes even distribution 
of the water in the horizontal plane, while the sec¬ 
ondary flow will clean the tank walls and bottom. 

In well-designed tanks with correctly designed and 
constructed inlet and outlet, the incoming water may 
therefore be used to clean the tank walls and bottom. 
This process is known as hydraulic self-cleaning. To 
achieve self-cleaning in a tank, a certain amount of 
water has to be added; the amount depends on the 
tank construction. The water velocity at the bottom 
of the tank must be so high that the settled solids are 
removed. To ensure transport of settled solids in cir¬ 
cular tanks, the recommended bottom velocity to 
ensure self-cleaning is above 6-8cm/s.’ This will also 
remove algal growth (biofilm) from the tank sides. 
Inside the tank there will be a velocity profile equal 
to that in a channel, where the lowest velocity occurs 
near the bottom due to friction (Fig. 18.8). Bottom 
water velocities of between 6 and 8 cm/s normally 
represent a water velocity in the free water mass of 
12-15 cm/s.’ Practical experience has also shown 
that high fish density promotes self-cleaning of 
the bottom. A lower velocity could therefore be 
accepted when the fish density is increased because 
movement of the fish results in resuspension of 
settled solids, so the secondary flow pattern could 
more easily transport the particles to the drain. 


Primary flow 




Figure 18.7 In a tank with a correctly designed Inlet 
and outlet, both a primary and secondary flow will be 
generated. 

In a correctly designed flow-through tank with 
inlet and outlet and a circular flow pattern, the 
water retention time should be between 30 and 
100 min for satisfactory self-cleaning.’" This means a 
flow through of between 10 and 33L/m" farming 
volume. A retention time of less than 30 min may 
create a vortex around the centre drain. The periph¬ 
eral velocity in the tank may also be so high that the 
fish will have problems staying there. When using 
low retention times, a specially designed inlet and 
outlet are necessary. With retention times above 
100 min the self-cleaning effect is decreased and 
additional cleaning is necessary. 

To attain hydraulic self-cleaning, a high volume of 
water is needed to create a high water velocity inside 
the tank. Even if the water velocity has yielded 
improved growth results,” ” there is a maximum 
velocity that must not be exceeded.” This will vary 
according to species and growth stage. Examples 
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here are fry of marine or freshwater species, where 
only very low velocity is tolerated; to maintain satis¬ 
factory water quality for these species is therefore a 
challenge. Settled particles and fouling on the tank 
bottom and sides will create a suboptimal environ¬ 
ment, and be a good substrate for unwanted bacte¬ 
rial growth. Regular removing of fouling is therefore 
absolutely essential. If this is done manually, it 
is labour intensive, and therefore commercially 


Figure 18.8 An idealized velocity 
profile matrix across A-A in a 1800x 
600 mm tank. 

available automatic systems are preferred. Rotating 
brushes on the bottom of the tank, powered either 
by electric motors or by the pressure of the incom¬ 
ing water, are one solution. Other solutions include 
a small turtle-like unit moving around on the tank 
bottom or installing a washing arm half the pipe 
diameter in length. Addition of chemicals that 
remove the fouling, such as oxidizing agents, has 
also been tried by the author and colleagues. 







Tanks, Basins and Other Closed Production Units 


233 


Inlet water 



Figure 18.9 Having the tank water inlet below the water 
surface and using nozzles In the Inlet pipe will create 
velocity gradients, and mixing of the water in the tank is 
achieved. 

18.8 Water inlet design 

Correct design of the inlet flow arrangement to the 
tank is necessary to ensure even distribution and 
mixing of the new incoming water and if self-cleaning 
is to be attained. This requires the inlet water pipe 
to enter below the water surface in the tank and 
the water must pass through a narrow nozzle. The 
force of the inlet water can then be utilized to 
create a flow pattern inside the tank (Fig. 18.9). It 
is also important to spread the incoming water 
throughout the water column. This can be achieved 
by the use of several holes, splits or nozzles in the 
inlet pipe below the water surface. The force of the 
incoming water will now be distributed throughout 
the water column, not just in one place. Improved 
distribution of the new oxygen-rich incoming water 
is also achieved. 

The impulse, as the force caused by the inlet 
water is called, depends on the water flow and water 
velocity; it can be expressed as follows for tanks 
with a circular flow pattern: 

F=PQ{v2-v,) 


where F represents impulse, p water density, Q water 
flow, Vj velocity of the water in the tank and velo¬ 
city out of the holes in the inlet pipe. This equation 
shows that by increasing Q, the impulse will increase. 
The same result is achieved by increasing the velo¬ 
city of the water emerging from the holes in the inlet 
pipe. Decreasing the cross-sectional area of the holes 
will increase the velocity of the water. However, the 
increased velocity will increase the turbulence and 
hence the head loss. Recommended values are below 
1.5 m/s in the inlet pipe, while the velocity in the hole 
(or split or nozzle) should be below 1.2 m/s.^ 

The inlet pipe can be arranged in several ways 
depending on tank design (Fig. 18.10). In tanks with 
a circular flow, a horizontal spray inlet has the 
advantage of creating good water distribution (pri¬ 
mary flow), but the secondary flow is not optimal. 
A vertical spray inlet creates both good primary 
and secondary flow and is therefore preferred. It is 
also possible to use a combined vertical and hori¬ 
zontal inlet with good results. 

Normally a vertical spray inlet will be placed 
about one fish width away from the tank wall, so 
that the fish can pass behind, and to avoid too 
much friction from the tank walls. If it is too close 
to the wall, friction against the wall will reduce the 
impulse. However, in a low tank designed with a 
diameter/depth ratio of less than 0.2, the inlet has to 
be placed further into the tank closer to the drain to 
create a good flow pattern. In silos is it especially 
difficult to achieve good inlets and effective trans¬ 
fer of the impulse, and hence effective water 
exchange throughout the water volume. However, 
it may be possible to use several water inlets in the 
tanks to improve the flow pattern; testing of the 
velocity profile is recommended in such cases. 
Depending on the current velocity from the holes in 
the inlet pipe, the current velocity in tanks with cir¬ 
cular flow is normally in the range 0.15-0.25 m/s.’ 

In raceways it has proved to be difficult to create 
an inlet that distributes the water in a uniform way 
throughout the entire cross-sectional area and total 
length. It is important that the impulse is distrib¬ 
uted over as large a part of the cross-sectional area 
as possible. Because of the continuous reduction in 
water flow velocity close to the bottom due to fric¬ 
tion, there have been experiments in which water 
was added at several places over the length of the 
raceway to improve the velocity over the total area; 
however, this increases the costs. 
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Horizontal inlet Vertical inlet Combined iniet 



Figure 18.10 Various designs of 
iniet pipe in tanks with a circular fiow 
pattern. 


The velocity of the inlet water out of the holes or 
nozzles in the inlet pipe (V^) depends on the design 
of the nozzle (hole), the area and the amount of 
water that has to pass. It can be expressed as follows 
(based on the continuity equation; see Chapter 2): 


V"2 = 


Q 


where represents velocity out of the nozzles, 
Q water flow out of the nozzles and YA total 
cross-sectional area of all the nozzles. The relation 
between the water velocity in the inlet pipe and the 
velocity out of the nozzles will be as follows: 


V2 = 




where represents velocity in the inlet pipe and 
area of the inlet pipe. 


Example 

An inlet pipe to a circular tank is designed for a 
water flow (Q) of 50 L/min. Suggest an appropriate 
pipe diameter and area of the nozzles (holes). 

Eirst, calculate the area of the inlet pipe: 

A=QIV 

Transform the units so that they correspond and take 
a maximum water velocity of 1.5 m/s. 

50 L/min=0.00083 m^/s 
A=0.00083/1.5 
A=0.000553m" 

A= 5.53 cm" 


Calculate the diameter. 

A=7rd^! A 



d=2.65 cm 


In practice the nearest standard dimension will be used. 


Calculate the total nozzle area (cross-sectional area) 
using a velocity of 1.2 m/s. 

J^A=QIA 
^^=0.00083/1.2 
0.00069 m" 

^^=6.9 cm" 

This must then be divided by the number of holes 
used in the total water column. 

To force the water through the inlet pipe results 
in a head loss. Because of this, a minimum head 
(available water pressure) is necessary to get 
the water to flow through the nozzles/holes. 
Different shapes of nozzles/holes will result in 
different head loss because of different degrees of 
turbulence created in the nozzles. This must be 
taken into consideration when constructing the 
inlet pipe. 


Example 

Head loss in the inlet pipe. 

The inlet pipe has a diameter of 63 mm and a water 
flow of300 L/min is used. This gives a water velocity 
of about 1.6 m/s. Find the head loss when increasing 
the water velocity from 1 to 2.5 m/s (f =0.024). 


Water velocity 
(m/s) 

Head loss per metre of pipe 
(mHfi) 

1.0 

0.019 

1.6 

0.05 

2.0 

0.08 

2.5 

0.12 


With a water velocity of 2.5 m/s in the inlet pipe, it is 
necessary to have a pressure in the pipe of 0.1 mHfO 
per metre of pipeline to achieve the necessary water 
flow. 
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18.9 Water outlet or drain 

The tank outlet or drain normally has two functions: 
(1) to remove the waste from the tank as quickly as 
possible before leakage of nutrient starts and (2) to 
maintain the correct water level inside the tank. 
Correct design of the outlet is also important for the 
water exchange rate and to ensure effective self¬ 
cleaning. Incorrect specification of the outlet system 
or the outlet pipe may result in settling of uneaten 
feed particles and faeces, and the outlet system will 
function as a settling basin. This situation can be rec¬ 
tified by shock draining the tank, by removing the 
device that controls the tank water level. Shock 
draining will increase the water velocity through the 
outlet above normal and eventually settled solids 
will be dragged out. If large numbers of particles 
are appearing when draining, then it is possible that 
solids may be settling in the outlet pipe system. In 
such cases the design of the outlet system is subop- 
timal. It should not be necessary to shock drain a 
well-designed outlet system to remove particles that 
have settled in the outlet. The outlet pipe should be 
designed for water velocities above 0.3 m/s to ensure 
no settling of solids. Velocities above 1.5 m/s in the 
outlet will result in rough treatment of the particles, 
which may break up. This makes later filtration of 
the outlet water more difficult. 

It is important to treat the outlet water as gently 
as possible to avoid increased particle breakage. 
Elbows and other pipe parts that create additional 
turbulence should therefore be avoided. It is impor¬ 
tant to use long bends and small bend angles in the 
piping. It is also important to understand that the 
inlet and outlet of a tank are designed for a given 
flow rate, but with some latitude outside which the 
inlet and outlet will not function optimally because 
the velocity is either too low or too high. 

The head loss in the outlet system can be seen by 
comparing the water level inside the tank with the 
top level of the water in the outlet system. A large 
difference means a high head loss. 

Example 

The supply of water to a fish tank with a farming 
volume of6m^ should be between 60 and 200L/min 
to ensure sufficient self-cleaning. Find a suitable 
diameter for the outlet pipe. 

Choose a velocity of 0.5 m/s and calculate for the 
smallest amount of water. 


A=QIV 

Q= 60L/min= O.OOlm^/s 
A= 0.001/0.5= 0.002 m" 

A= 7tr" 
r = V(A/7t) 
r=V(0.002/3.14) 
r= 0.025 m= 2.5 cm 

The next task is to calculate the water velocity in the 
pipe with the largest amount of water when the 
radius of the pipe is 2.5 cm. 

V=QiA 

Q= 200L/min= 0.0033m"/s 
0=0.0033/0.002 
Q= 1.65m/s 

A larger dimension for the outlet pipe is recom¬ 
mended because this velocity is rather high. This also 
shows that the outlet system is not designed optimally 
if there is too large a variation in the water flow. 

When designing the outlet system, it is important 
that the outlet creates a drag on the water in the 
tank. Particles lying close to the outlet will be forced 
against the outlet by the reduced pressure there. 

The design of the outlet can be either of the flat 
or tower type (Fig. 18.11). The flat outlet contains 
a horizontal screen inside the fish tank, adapted 
to the fish size. This normally covers an outlet 
pot. From the outlet pot the outlet pipe goes to a 
vertical standing pipe where the water level inside 
the tank is controlled. It is important to increase 
the speed through the holes in the outlet screen 
to avoid fouling and blockage. Velocities above 
0.3-0.4 m/s are recommended. The outlet screen is 
a perforated sheet of stainless steel, aluminium or 
plastic. Good results have been achieved by using 
oblong slots instead of holes in the outlet screen. 
Slots do not clog as quickly and are easier to clean. 
The holes or slots are recommended to be as large 
as possible, but of course not so large that fish 
escape. It may also be possible to run the tank with¬ 
out any outlet screen, because the fish prefer not to 
go down in the outlet pipe. However, this is species 
dependent, and some species that exhibit crowding 
behaviour, such as eel, will go down. For salmonids, 
my experience is that it is possible to run without 
any outlet screen. If this is done it is necessary to 
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Flat outlet 





Figure 18.11 Flat or tower outlets are typical designs. 


Wrong 

Outlet grating 


Outlet pipe 

Settling 


Correct 



Outlet pipe 


Figure 18.12 Correct design of the outlet pot is important. 



install a trap in the outlet system to collect the dead 
fish (see section 18.11). 

The outlet pot, if used in the tank, has been 
shown to be a critical part of the construction 
(Fig. 18.12). Settling of solids is very common 
here. It is therefore important not to reduce the 
water velocity in this pot too much, both to pre¬ 
vent settling of particles and also to reduce the 
amount of fouling. Good results are obtained by 
using an eccentric outlet from the pot; here the 
outlet pipe from the pot is not in the centre but 
to one side, and a swirl is therefore created inside 
the pot. Another possibility is to avoid the use of 
the outlet pot totally by having the outlet pipe 
directly into the tank bottom. This requires the 
use of another type of outlet screen inside the 
tank (not a horizontal one) to ensure enough 
holes or slot area. Outlet screens may be shaped 
like a cone, pyramid or a small tower, not reaching 
the water surface. 

There are two types of tower outlet, with either 
internal or external regulation of the water level. 
In both cases there will be a tower inside the tank 
going from the bottom to the water surface, consist¬ 
ing of a screen with holes or slots that prevent the 
fish leaving the tank. The disadvantage of this outlet 
is that the presence of the tower in the middle of 
the tank may make it difficult to handle the fish 
in the tank. With regard to self-cleaning, no differ¬ 
ences have been observed between flat and tower 
outlet systems. 

Instead of taking the outlet from the bottom 
of the tank, a siphon can be used. Here the outlet 
from the tank goes over the top edge of the tank; 
however, this will require a fixed water level. The 
advantage with the system is that it is not necessary 
to have any pipes leaving the bottom of the tank, 
which is therefore only a basin. This reduces the 
cost and increases the second-hand value. The dis¬ 
advantage is that it is not possible to reduce the 
water level because it is fixed; a pump must be used 
to drain the tank completely. 

Both flat and tower outlets include a level control 
to keep the water inside the tank at a given height. 
Level controls can be adjustable or fixed. Adjustable 
level controls can be incremental or continuous. 
Fixed level controls cannot be adjusted and there¬ 
fore there must be a bypass for complete drainage 
of the tanks. For large volume tanks (>100 m^) adjust¬ 
able level controls are quite expensive and seldom 
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used. Usually fixed or perhaps incremental controls 
are installed. A continuous level control may be 
built by having a sliding pipe inside another pipe. 
The same principle may be used for a stepwise 
control, but here the level is controlled by addition 
and removal of pipe parts. 


18.10 Dual drain 

It is also possible to use a double outlet, i.e. a dual 
drain (Fig. 18.13).^'*’^’“^® Such an outlet allows part 
of the water flow (up to 5% of the total flow) to 
be taken through a separate centre drain located 
in the bottom of the tank, while the main water 
flow is taken out from the water column above the 
tank bottom through some type of tower outlet. 
This can be a traditional tower outlet or a small 
tower reaching 5-10 cm up from the tank bottom. 
In this way the tank is used as the first effluent 
treatment system. A particle purification step is 
achieved because the tank functions as a swirl 
separator using the ‘tea-cup’ principle. The circu¬ 
lar flow pattern in the tank will cause the solids to 
be collected in the centre of the bottom where the 
particle outlet is located. Normally over 90% of 
the solids will be taken out via the bottom outlet. 
Hence the particle concentration will be signifi¬ 
cantly reduced in the main outlet that is taken out 
slightly higher up the water column. 

The main water flow may also be taken out via a 
sidewall.'^ By taking out up to 20% through the bot¬ 
tom and the rest through the outlet in the upper 
part of the tank wall, good separations have been 
achieved. A specially designed square tank with cut 
corners, with the main inlet and main outlet in the 
corners and the particle outlet in the centre, has 
also been used with good results.^” Here less than 
1% of the total water flow was taken out via the 
particle outlet. In both the above two systems the 
flow pattern inside the tank gave satisfactory 
self-cleaning. In the last system the place on the 
tank bottom where the main effluent collected was 
easily regulated by changing the direction of the 
nozzles in the inlet pipe; these were adjusted to 
force the effluent towards the middle of the tank 
where the particle outlet was located. 

By using dual drain systems the cost of particle 
purification will be reduced because only a minor 
part of the total water flow has to be purified; the 


Dual drain 



Figure 18.13 The double or dual drain outlet will sepa¬ 
rate particles from the water. 

size of the particle filter will be reduced dramati¬ 
cally. If using a water re-use system (Chapter 14), 
the water in the main outlet may be re-used without 
going through a particle separation step as the con¬ 
centration of particles is already low enough. 

18.11 Other installations 

There may also be other installations that can be 
integrated into the tank. By using a specially 
designed outlet screen that can be opened from the 
surface, it is possible to knock dead fish lying on the 
outlet screen out of the tank and through the outlet 
system; it is then necessary to have a collector for 
the dead fish in the outlet piping system. This avoids 
dragging dead fish up through the production water. 

Handling facilities can also be an integral part 
of the tank construction. Additional outlets used 
only for guiding the fish to a common centre (see 
Chapter 22) or hatches in the tank walls for trans¬ 
port of fish through channel systems can be inte¬ 
grated.^^ The tank may also be constructed to 
include guides for adapting tank internal grading 
grids (see Chapter 22). A feed detection unit may 
also be integrated into the tank outlet system.^^ 
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19.1 Introduction 

Earth ponds are the most used unit for fish produc¬ 
tion worldwide, with more than 40% of world 
aquaculture production being performed in pondsd 
Ponds are used both for fish and shellfish and at 
different life stages. Important species grown in 
ponds include different types of carp, catfish, 
shrimps and prawns.^’^ Ponds are normally used in 
extensive production'*-^ and to some extent in more 
intensive production; here, however, the construc¬ 
tion is less optimal. The biofloc system can make it 
possible to increase the production to some degree 
in ponds, and interesting information about this 
system is described in Chapter 15. 

An earth pond for aquaculture farming is usu¬ 
ally defined as a pond where a natural ecosystem 
is created inside. This is the major difference 
between earth ponds and other closed produc¬ 
tion units, and the reason why they are described 
separately. The water exchange in the pond is 
normally very small and it will also function as a 
settling pond, so faeces and particles will settle on 
the bottom. There will be no or very little self¬ 
cleaning in the pond. The pond can be a 
monoculture or polyculture. If using a polyculture, 
the natural food created in the pond (phyto¬ 
plankton, zooplankton, aquatic insects, benthic 
organisms and vegetation) can be utilized by dif¬ 
ferent species (see Chapter 15). 


19.2 The ecosystem 

An established ecosystem in the pond includes full 
algal photosynthesis. During the day the algae 
produce oxygen by photosynthesis, while during the 
night they consume oxygen. Thus there will be daily 
fluctuation in the oxygen level in the pond, and 
special care must be taken during the night when it 
may be necessary to supply additional oxygen. 
Similarly, the pH may fluctuate because photosyn¬ 
thesis fixes carbon dioxide and therefore the pH 
will increase during the daytime, while at night the 
algae release carbon dioxide and the pH will drop. 

The ecosystem created will affect all nutrients 
since a nitrogen cycle will occur in the pond: nitrifi¬ 
cation will transform total ammonia nitrogen 
(TAN) to and further to NO 3 . If there are 

areas in the pond lacking oxygen, typically in or 
close to the bottom sediments, dentrification of 
to N 3 will also occur. 

A major benefit of a pond is therefore that it is 
possible to utilize this biological production, which 
includes prey that is food for the fish. In addition, 
there will be decomposition of waste. However, to 
achieve this state the water exchange rate must not 
be too high (see section 19.3). The major disadvan¬ 
tages with production in ponds is the low produc¬ 
tion per unit volume, and the difficulties of 
maintaining control over the water quality and the 
actual fish biomass. 
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19.3 Different production ponds 

Ponds can be separated into those for fry production 
and those for on-growing production (Fig. 19.1); the 
difference is normally the size of the ponds. However, 
full production ponds are also possible. In such 
ponds, spawning, fry production and on-growing all 
occur, although harvesting can be quite difficult. Full 
production ponds may, for instance, be used in cray¬ 
fish production (Fig. 19.2). 

In a pond for fry production, it is especially 
important to have a well-functioning ecosystem, 
including photosynthesis. Eggs or newly hatched fry 
are released into the pond where the on-going eco¬ 
system will produce natural prey for the fry. As the 
fry grow they will gradually feed on other prey that 
is also available in the pond. Depending on the 
desired production, additional feeding of the fry 
may not be necessary. 

To stimulate and increase the development of the 
natural ecosystem, it is possible to fertilize the 


pond.®“® This increases production of algae and 
hence production of higher organisms that function 
as natural prey for the growing fry. It is, however, 
easy to lose control of the ecosystem, and total 
breakdown may occur. If fertilizing, it is therefore 
of major importance to regularly monitor and con¬ 
trol changes in the water quality, for instance by 
monitoring the oxygen content in the pond water. 

In on-growing ponds, there is often some type of 
additional feeding, but this depends on the species. 
Some species will utilize the plants growing in the 
pond and the organisms created by the ecosystem, 
but this is normally not enough if high production is 
desired; an example here is grass carp. Other species 
may only use supplied artificial feed, such as catfish 
and rainbow trout. In on-growing ponds it is easy to 
overload the system when adding formulated feed 
and cause problems in the ecosystem, which will be 
unbalanced so that the pond functions in an 
uneconomic way. Normally, oxygen must also be 
added to the water through aeration. 




Figure 19.1 Ponds for on-growing production during 
(A) the summer (catfish) and (B) the winter (rainbow trout). 
Warm groundwater is utiiized in the winter season to keep 
the pond free from ice. (C) Empty ponds reveai the 
construction more cieariy. 
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Figure 19.2 A crayfish pond in cross- 
section and from above. 


The water flow through a pond possessing a 
natural ecosystem must not be too high, other¬ 
wise algae and natural prey may flow out with 
the outlet water, and an imbalance in the ecosys¬ 
tem will occur. However, many earth ponds are 
used in this way. If fish densities are high, the 
water requirements increase with fish density 
and the pond functions as a raceway, for which 
the pond construction is suboptimal (see Chapter 
18). The results are large variations in pond water 
quality and accumulation of faeces and feed loss. 
There will be zones with good water exchange 
and zones with bad water exchange. 


19.4 Pond types 

There are several ways to classify ponds: one is 
based on construction and another on whether it is 
possible to drain the pond or not. 

19.4.1 Construction principles 

Based on their construction, three types of pond 
can be identified: watershed, excavated and 
embankment or levee ponds’ (Fig. 19.3). Watershed 
ponds utilize features of the terrain, for instance a 
ravine can be dammed so the construction is quite 
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(1) Excavated pond: cross-sectional view 



(2) Embankment or levee pond: cross-sectional view 
l-Sm Slope 3:1 Slope 2:1 



(3) Watershed pond 



Figure 19.3 Ponds can be divided into (1) excavated, 
(2) embankment or levee, and (3) watershed ponds. 


simple. However, there are few sites that satisfy the 
requirements for a watershed pond, so this is not a 
very common pond type. An excavated pond is sim¬ 
ply a hole in the ground which is filled with water. 
Part can be below the water table and in this way 
water infiltrates into the pond, but this construction 
is little used. 

The main type of construction is the embank¬ 
ment or levee pond. There are several ways to 
establish such ponds: they can be at ground level, or 
the levee can be above and the bottom below 
ground level. For the first type it is necessary to sup¬ 
ply material; for the second type the excavated 
material can be used to construct the levee, which 
will reduce the cost of establishing the pond. Levee 
ponds can be constructed in a flat landscape and 
large areas can be used for pond production. It is 
important that the levee is sufficiently wide to carry 
traffic, for instance for feeding, maintenance or 
harvesting. 

When constructing the pond it is advantageous to 
ensure that it is feasible to tap the water to a lower 
level to make drainage possible. Eventually a canal 


Not drainable 



Drainable 



Figure 19.4 Drainable and non-drainable ponds are 
constructed differently. 

drainage system can be excavated in conjunction 
with the pond area. 


19.4.2 Drainable or non-drainable 

Depending on the construction of the outlet system, 
traditional earth ponds can be divided into draina¬ 
ble and non-drainable ponds (Fig. 19.4); non- 
drainable ponds are normally larger, up to several 
hectares. Small natural lakes used for aquaculture 
production function like a non-drainable pond. The 
same is the case if a ravine is dammed to create a 
watershed pond or if a hole is excavated in the 
ground. Low establishment cost is the main advan¬ 
tage with non-drainable ponds. Natural lakes can 
also be used and create a low-cost farming volume. 

The advantage with drainable ponds include the 
opportunity for a more effective harvesting process 
and to have control over the water level, because 
the water can be drained out of the pond. It is sim¬ 
pler to fertilize/feed and also to supply additional 
air. While non-drainable ponds are normally run 
extensively, drainable ponds can be run more inten¬ 
sively, depending on the amount and growth rate of 
the fish. In intensive drifted ponds the fish can be 
fed (Fig. 19.5) and additional air supplied periodi¬ 
cally. This may also be done without damaging the 
ecosystem in the pond, if extra care is taken. 

In ponds the production is given in kilograms 
per hectare of pond surface area. This varies with 
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Figure 19.5 Feeding from a tractor-trailer with a feed 
blower to increase production in the pond. 

water temperature, environmental conditions, pond 
type and the fish species, so it is difficult to give a 
general value.® “ A rough estimate is 1000 kg/ha, 
but this can vary by a factor of 10 in both direc¬ 
tions; over 15 000 kg/ha can be achieved for 
channel catfish by use of additional feeding and 
continuous aeration.^ ’ 

19.5 Size and construction 

The size of the pond varies with species, fish size 
and site conditions, from fractions of a hectare to 
several hectares. As the pond becomes larger, con¬ 
trol becomes more difficult. The same is the case 
with harvesting. To carry out harvesting the pond 
must normally be emptied and/or drained several 
times, otherwise the fish density will be too high 
when lowering the water level and harvesting. 
A seine net may also be used for harvesting. 
Commonly, relatively small ponds are used for 
broodstock, fry and juvenile production, while 
larger ponds are used for on-growing. 

Pond depth is usually between 0.5 and 2.4 m, 
depending on what the pond is used for. For on- 
growing fish it is normal to choose a depth suffi¬ 
cient to prevent any light reaching the bottom of 
the pond. In this way growth of vegetation at the 
bottom is prevented and harvesting is easier. Ponds 
for fry are normally shallower because the bottom 
vegetation may function as shelter. Flowever, the 
depth must not be so great that temperature layers 
occur; deep water will also increase the pressure 
on the sides and bottom of the pond together with 
possibilities for increased seepage. This increases 


demands for compaction of the material used for 
the bottom and sides when constructing the pond. 

It is important to have a slope towards the outlet 
on the bottom to make drainage possible and har¬ 
vesting easier; this can be in the range 1/1000 to 
1 /100, with the largest slope in the smallest ponds.’“ 
The slope of the walls inside the pond is between 
2.5:1 and 4:1; 3:1 is quite common, but this varies 
with the composition and angle of repose of the 
material used for construction. Exterior walls are 
normally slightly steeper than 2:1, but of course this 
also depends on the angle of repose for the mate¬ 
rial. The recommended width of the pond crest 
varies with depth: for 3-m deep ponds a crest width 
of 1.8 m is recommended;^^ for shallow ponds the 
crest width can be reduced depending on the material 
used for construction. 

The length to width ratio of ponds is normally 
about 2:1, but of course is adapted to the site 
conditions. The shape of watershed ponds depends 
on the terrain. Harvesting with a seine net is easier 
if the pond is rectangular. If ponds are too wide, 
harvesting will be more difficult. 


19.6 Site selection 

Ponds should be as close to the water source as pos¬ 
sible to avoid long inlet pipes or channels. In addi¬ 
tion, there must be enough clay in the earth to 
prevent leakage. A rule of thumb is that the mate¬ 
rial must consist of at least 20% clay particles with 
diameter below 0.002 mm in a 1.5-m deep core 
taken where the pond is to be established.^^ If the 
material contains too much sand, it will be porous 
and water will drain out much faster. The seepage 
loss in sand is reported to be 25-250 mm/day, in 
loam 8-20mm/day and in clay 1.25-lOmm/day.^^ 
Furthermore, the earth must be free of toxic sub¬ 
stances, for instance copper. 

There are several methods to prevent leakage 
from ponds. If the leakage is only slight, a solution is 
to break down the earth structure, reduce the aggre¬ 
gate size and puddle the bottom. Breaking up the 
lumps in the surface layer achieves this and is quite 
commonly done on rice fields. Addition of chemicals 
may also reduce the aggregate size.^'^ Compression 
of the surface may also be used to reduce the water 
loss, for example by using a road roller. Several thin 
layers of compressed earth are better than one thick 
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layer. If the natural soil is unsuitable, a membrane of 
clay or plastic may be used. A clay layer transported 
to the site must be about 30 cm thick for a 3-m deep 
pond.^^ However, this represents increased costs for 
establishing the pond. To avoid the layer of clay 
crumbling as a result of drying or freezing, a cover¬ 
ing layer of sand or gravel may be used; this can be 
30^5 cm thick on clay and 15-20 cm thick on plas¬ 
tic.^'* The plastic membrane should also be covered 
to avoid breakage from plants growing through it. 
Material used to construct the pond may also be 
sprayed with plant poison before laying the mem¬ 
brane. After ponds have been in use for a time, water 
leakage will normally be reduced because settled 
materials block the cracks in the earth. 


19.7 Water supply 

The volume of water supply depends on the amount 
of fish in the pond and the intensity of farming in 
relation to evaporation.In addition, the accept¬ 
able time for filling the pond with water is impor¬ 
tant. Normally this is the value specified for the 
water supply, because the water flow into a pond 
under normal farming conditions is very low. 

The value used to calculate the necessary water 
supply should be sufficient to fill the total pond vol¬ 
ume within 2-3 days. The whole farm, including all 
the ponds, should be filled during a 20-day period. 


The amount of water needed is, of course, affected 
by evaporation. The total evaporation depends on 
temperature, cloud conditions, wind conditions and 
pond construction; normally it is in the region of 
0.25-1 cm per day in temperate areas.® 

Example 

Calculate the necessary water supply to cover the 
evaporation loss to a 100 pond where the evapo¬ 
ration is 0.5 cm per day. The water supply is equal to 
the evaporation volume. 

Evaporation volume = 100 m x 0.005 m 

= 0.5m /day = 0.35 L/min 

If the water supply and exchange are too high, 
the production of algae will not be adequate. The 
algae may flow out through the outlet and the 
ecosystem will not flourish. The ponds are now 
functioning as raceways, for which construction 
is suboptimal. The ecosystem inside the pond 
becomes unstable when the daily water exchange is 
too high, i.e. between 25 and 33% of the total vol¬ 
ume, which equates to retention times of 3-4 days.® 

In addition to supplying water, it may be neces¬ 
sary to supply extra air or oxygen^® (Fig. 19.6). 
Control of CO^ and ammonia concentrations in 
critical situations may also be necessary; addi¬ 
tional inlet water may be required in such 
circumstances. 



Figure 19.6 A surface aerator can be used to increase the supply of oxygen to the pond. The photograph shows a 
paddle aerator on shore. 
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19.8 The inlet 

The water can either be supplied by a pump or 
under gravity; the latter is the best solution. 
Seawater ponds may be filled at high tide. Channels 
or pipes can be used to distribute the water from 
the source to the ponds. If channels are used, gravity 
flow is necessary. If pumps are used they must 
eventually lift the water from the source into the 
distribution channel. 

Since the amount of inlet water is normally 
quite low, the actual design of the inlet pipe is of 
less interest than for other closed production 
units. Therefore where and how the inlet water is 
taken into the pond is less important than for 
other closed units. If using channels, the inlet 
from the distribution channel into the pond is just 
a hatch in a small channel branching from the dis¬ 
tribution channel. Water is usually supplied to the 
ponds continuously, but batch filling is also 
possible. 


19.9 The outlet: drainage 

How the outlet is constructed depends on whether 
there is a collection basin for the fish, and if this is 
inside or outside the pond. The design of the level 
control will also influence the construction of the 
outlet system. If open channels are used, there are 
separate ones for the outlet water and level 
control. 


Normally a standpipe inside the pond functions 
as a level control. The water has to pass through this 
standpipe, which may be variable or fixed, to flow 
out of the pond. A swivel can be used to control the 
level of the standpipe; this will again control the 
water level in the pond. If using a double standpipe, 
it is possible to take the outlet water from some 
depth in the pond. The standpipe and level control 
may also be placed outside the pond. 

Special material must be used at the end of the out¬ 
let pipe to prevent erosion when tapping the pond 
(shock tapping, draining); concrete is usually used 
here. Concrete can also be used to construct the col¬ 
lecting basin for fish so that fry can be harvested or 
collected. When the outlet pipe is laid through the 
pond levee it is important to use mooring blocks, for 
instance of concrete, which are clamped on the pipe 
to prevent it being dragged out by the frictional forces 
of the water on the pipe. When both the flow rate and 
velocity are high, this is especially critical. 

If channels are used for drainage, a specially 
designed outlet is commonly placed in a small 
channel where the water leaves the pond; this is 
known as a weir gate or monk^^’^® (Fig. 19.7). It is 
normally constructed with two plates vertically 
installed in the channel, like hatches. The water 
has to pass below the first and above the second. 
The level of the second controls the level in the 
pond. From the pond the outlet water continues 
through a common drainage channel out of the 
farm. For large water flows, open channels repre¬ 
sent a simple cost-effective solution. 



Figure 19.7 Outlet and inlet con¬ 
struction of a pond. 
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Series 



Parallel 
Water inlet 



Water outlet 



Figure 19.8 Several pond layouts are 
used: series, parallel and radial. The 
parallel layout Is the most common. 


The methods chosen for handling the fish may 
influence the construction of the pond and hence 
the outlet system. To collect the fish from the pond 
it is normal to either reduce the water level with the 
help of the outlet or to use a seine net, or eventually 
a combination of both methods. When using water 
reduction as a collection system, a collection basin, 
either inside or outside the pond, can be used to 
collect the fish. If the basin is inside the pond it is 


normally small and at the bottom of the pond; it is 
commonly made of concrete or wooden planks. The 
outlet pipe from the pond is taken out from this 
basin. When the fish have been collected they can 
be removed from the basin using a net, pump or 
screw. The other possibility is to have the collection 
basin outside the pond. In this case the fish are 
tapped directly out of the pond together with the 
water and collected in the external collection basin. 
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Both these solutions improve capacity and reduce 
the cost of fish handling. 

A seine net may also be used for collection. 
Typically it is dragged through the pond and the fish 
are collected. The net can be hauled from the pond 
levees. If the pond is too wide, this will be quite dif¬ 
ficult, so widths of more than 20 m are not recom¬ 
mended.^^ The seine net may also be dragged 
mechanically, for instance by a tractor. 

19.10 Pond layout 

A farm normally comprises several ponds. The 
arrangement of the ponds is important for optimal 
utilization of the area, and to ensure efficient water 
transport, fish handling and (eventually) feed 
handling. If watershed ponds are used, they must be 
adapted to the ground conditions and the layout is 
normally predetermined. If using levee or embank¬ 
ment ponds the layout is more important. 
Rectangular ponds are usually best regarding utili¬ 
zation of the area. Four main layouts may be used 
(partly from ref. 19) (Fig. 19.8). 

(1) Series ponds are constructed so that the water 
flows from one pond into the next. The advantage 
is that gravity can be used to ensure the water 
flows though the entire farm. The main disadvan¬ 
tage is that the effluent water from one pond is 
the inlet water to the next pond and water quality 
decreases from pond to pond. Eventually disease 
pathogens will also follow the water and spread 
disease from pond to pond as isolation of a single 
pond is impossible. The water may be aerated 
when flowing from one pond to the next. 

(2) Parallel ponds are set out beside each other, 
with a common water supply canal and a com¬ 
mon effluent water canal. This is the most usual 
layout for a pond farm. The advantages are that 
the water quality is the same in each pond and 
it is also possible to increase and reduce the 
water flow to the separate ponds. 

(3) Radial ponds are in a circle with the smallest 
close to the centre and the larger ponds outside 
this. In this way the size of the ponds increases 
with the radius of the circle. The great advan¬ 
tage with this system is that fish handling is 
very easy. If the fry are in the inner ponds they 
can gradually be moved to larger ponds when 


they grow and need a greater volume of water. 
The empty ponds can then be restocked with 
new fish. 

(4) Inset ponds are small ponds placed inside a 
larger pond. This method can provide a nursery 
pond inside a grow-out pond. 
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Sea Cages 


20.1 Introduction 

A cage represents a delineated volume in the body 
of water where the aquatic organisms can be 
farmed. Cage aquaculture may date back to as early 
as the 1200s in some areas of Asia/ and is currently 
a major form of aquaculture in countries including 
Canada, Chile, Japan, Norway and Scotland, where 
it has been successfully used mainly for salmonid 
farming. However, a large variety of species are 
grown in cages today and include seawater, fresh¬ 
water and diadromous species. Today, therefore, 
cages are used worldwide in the sea, in lakes and 
large rivers.^ The main differences are in the size 
and construction for withstanding waves and cur¬ 
rents. Trends are that new more weather-exposed 
sites are taken into use to ensure continuous growth 
in the cage farming industry. The number of good 
sites in less exposed locations is limited. 

There are a number of approaches to designing 
a cage and also classifying the various cage 
systems.^’^'* One classification is based on where in 
the water column the cage floats. Three categories 
can be used: floating, submerged, or submersible. 
The last two types consist of a frame that can float 
on the surface and that maintains its shape when 
lowered below the water surface. 

Another classification is according to the type of 
net used in cages: rigid or flexible. Rigid nets may be 
created by using a flexible net attached to a stiff 
framework to distend it. Instead of using a flexible 


net a rigid metal net may be used. A rigid net cage will 
maintain its original shape regardless of the waves. 

Instead of using a floating construction, a fixed 
construction may be used. This can, for example, be 
pilings driven into the seabed to which the net is 
then fixed to fence in an area. 

Another classification of sea cages divides them 
into two categories depending on the nature of the 
bag that makes up the cage; it may be an open bag 
of net, or a closed bag of plastic, for instance. A 
closed bag will normally require water to be 
pumped into it, and there is an outlet pipe from the 
bag. A closed production unit has actually been 
created. 

Open offshore cages can be classified as follows:'^ 

• Class 1 : gravity cages that rely on buoyancy and 
weight to hold their shape and volume against 
environmental forces (the focus of this chapter). 

• Class 2: anchor tension cages that rely on the 
anchor tension to keep their shape and volume. 

• Class 3: self-supporting cages that rely on a 
combination of compression in rigid elements 
and tension in flexible elements to keep the net 
in position so the shape and volume are 
maintained. 

• Class 4: rigid self-supporting cages that rely on 
rigid constructions such as beams and joints to 
keep their shape and volume. 

In this chapter the focus is on open floating sea 
cages, which are those most used for intensive 
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Mooring system Jumping net Cage collar 



Figure 20.1 Major components in a 
traditional open sea cage farm. 


aquaculture. A traditional open cage comprises the 
following main parts (Fig. 20.1): 

• A net bag with weights in the bottom to spread 
the bag 

• A jumping net above the surface fixed to the net 
bag to prevent fish escaping 

• A cage collar for spreading out the net bag and 
give buoyancy to keep the bag in the correct posi¬ 
tion in the water column 

• A mooring system. 

When choosing technology and systems for farm¬ 
ing in traditionally open sea cages, there are many 
conditions to be evaluated. This is also the case 
when the actual type of cage and mooring system is 
chosen and designed. The following list can be used 
to help when establishing a new sea cage farm: 

(1) Choose a site that is suitable for farming. 

(2) Describe and calculate the environmental 
conditions on the site. 

(3) Choose farming systems, i.e. the cage and moor¬ 
ing system, adapted to site conditions. 

(4) Design the cages (normally done by the cage 
manufacturer) and mooring system. 

(5) Set out the cages and mooring system. 

(6) Establish requirements for operational control 
of the system. 

20.2 Site selection 

Selecting a good site is of major importance for the 
future economic viability of the cage farm. A suitable 
site for cage farming must fulfill a number of require¬ 
ments.^’^ It is normally difficult to fulfill all of these, 
and they will depend also on the cage technology 
used, for example the extent of wave tolerance. There 
are a number of ways to classify the factors that must 



Figure 20.2 A sill fjord is not recommended for cage 
farming. 

be evaluated when selecting a site.^-’ Several of the 
factors also affect each other directly. 

The main factor is, of course, the water quality. 
This must be satisfactory for the cultured species, 
including temperature, salinity and oxygen con¬ 
tent. A continuous supply of oxygen requires a 
current to exchange the water. This is also required 
to remove metabolic products from the cage area. 
A good water exchange will occur with a water 
velocity above 0.1 m/s. This is normally sufficient 
to supply enough oxygen and to remove fish 
excrement. However, the water currents should 
be below 1 m/s because velocities above this result 
in very large forces on the cage structures and 
mooring system; in these situations specially 
designed systems must be used. Fjords with a sill 
are not recommended because the water current 
and water exchange are normally too low to trans¬ 
port the faeces and eventual feed loss away from 
the site so these will collect on the bottom below 
the cages and decomposition under anaerobic 
conditions may occur (low redox values). 
Hydrogen sulphide (H^S) gas, which is toxic for 
the fish, may then be released from the bottom 
sediments (Fig. 20.2). Areas where the water can 
be polluted with toxic substances must also be 
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avoided; this can, for instance, be near various 
industries. Some areas are also more exposed to 
algal blooms and some sites are particularly 
exposed to fouling; this must be taken into consid¬ 
eration when selecting a site. 

Shelter from the weather is also important. Wave 
height is normally the most critical parameter. It is 
usual to avoid areas with high waves, even if it is 
theoretically possible to build farms and mooring 
systems that can tolerate very large waves. However, 
these farms are difficult and expensive to operate 
when the waves are large and operational access is 
reduced. In addition, large expensive boats have to 
be used to operate such farms. If the wave height is 
below 2 m the cage is easy to operate, and many 
available cages are constructed to tolerate such 
wave heights. Several suppliers deliver cages that 
may tolerate 4-5 m wave height. Ocean cages can 
tolerate up to 7-8 m, but special routines for opera¬ 
tion of such farms must be taken into consideration 
before selecting such sites. 

Another factor included in the geographical con¬ 
ditions on site involves water depth; a distance of 
more than 5 m from the bottom of the net to the sea 
bottom is recommended, but this depends on the 
current conditions. Depths above 100 m will greatly 
increase the costs of the mooring system because 
long mooring lines will be needed. Areas with fre¬ 
quent shipping traffic should be avoided because of 
disturbance to the fish and creation of waves. When 
selecting a site, good infrastructure (e.g. proximity to 
roads, available electricity) will also be of benefit. 

The legal requirements for fish farming in an 
area must be satisfied. There may be areas publicly 
designated for other purposes, or where cage farm¬ 
ing is unwanted from an environmental point of 
view. For example, it will be difficult to establish a 
cage farm for salmonid production just outside an 
important salmon river because of the risk of 
escape. The legal requirements for access to land 
for an onshore base and onshore mooring are also 
included here. 

Before choosing a site, the environmental condi¬ 
tions must be clearly known. This information may 
be obtained from government maritime depart¬ 
ments or by the use of special oceanographic buoys 
that automatically monitor environmental condi¬ 
tions on the sites. Talking with people living in the 
area and local fishermen could also give valuable 
supplementary information. 


20.3 Environmental factors 
affecting a floating construction 

20.3.1 Waves 

Waves are normally the limiting factor for site 
selection for cage aquaculture. If the wave height is 
too great, it is very probable that this will affect the 
cage structure. Knowledge of the wave climate on 
the site will also be an important tool in choosing 
the correct cage technology and mooring system to 
avoid later breakages in cages and moorings.^ '’ The 
trend towards using an increasing number of wave- 
exposed sites for marine cage farming is proving the 
importance of this. 

Several terms are used to describe a wave (Fig. 20.3): 

• Crest: the high point of the wave. 

• Trough: the low point of the wave. 

• Wave height: vertical distance between trough 
and crest (H) in metres. 

• Maximum wave height: highest measured wave 
height (H ). 

• Significant wave height: average wave height of 
the highest one-third of the waves recorded in a 
period (//J. During a recording period there will 
always be a variation in wave height. The signifi¬ 
cant wave height corresponds quite well with what 
an observer will record as the approximate wave 
height when looking at the waves over a period. 

• Wave amplitude: distance from calm water level 
to crest or trough {a) in metres; wave height 
divided by two (Hll). 

• Wavelength: the horizontal distance between two 
following crests (L) in metres. 

• Wave period: the time taken for a wave crest to 
travel a distance equal to one wavelength (T) in 
seconds. 

• Wave frequency: the inverse of the wave period 
(/); the same as the number of waves passing a 
given point per unit time (units of s"^). 

Wave calculations 

The description and calculation of waves and wave 
forces are quite difficult, and in this chapter only a 
brief survey is given. Several textbooks are available 
and may be consulted for further information (see, for 
example, refs 7-12). To illustrate what a wave is and 
how it moves, the water volume may be represented 
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Figure 20.3 Important parameters 
describing a wave. 



Figure 20.4 During a wave cycle the 
single water particles move in different 
directions. 


by many single water ‘particles’ which will be trans¬ 
ported both vertically and horizontally with the wave 
(Fig. 20.4); they will move up with the crest and down 
with the trough. There is no net transport of water 
particles as long as the wave is not breaking (see 
later); they stay in the same place, but rotate in an 
orbit depending on the wave height and wave 
description. It is normally the current that causes the 
net transport of the water particles in the sea. 

To understand how a wave is created the follow¬ 
ing simplified explanation can be used. Imagine that 
a stone is dropped into the water. As it displaces the 
water, the water particles are forced down and away. 
The energy that the stone adds to the water will be 
used to force neighbouring particles up. In this way 
a wave is created. The wave continues to disperse 
until the wave motion is damped by friction between 
the water particles and no energy is left. A wave 
may also be represented as oscillation around an 
equilibrium position. For example, a spring that is 
extended and then released will start to oscillate 
around an equilibrium position. 

If an object such as a sea cage is lying in the water, 
the energy from the wave will also be transferred to 
this, and it will follow the wave motion. However, if 


an object is lying in the sea, the wave motions will 
be reduced because energy is used to move the 
object (see section 20.4.4). 

To describe wave motion - in reality, how a single 
water particle moves - several theories are used. The 
linear wave theory is the easiest and is also quite easy 
to understand, but several simplifications are made 
compared to real waves.^^ In most cases, however, this 
theory will suffice. The waves are described as sine 
waves, and all the standard geometric knowledge of 
sine waves, also called periodic or harmonic waves, 
can be used to describe them. The single water parti¬ 
cle rotates in a circular orbit where both acceleration 
and velocity vary depending on where the particle is 
in the orbit: on top of the crest or down in the trough. 
However, under practical conditions the waves will 
not behave as sine waves. The wave is the sum of sev¬ 
eral wave systems coming from different directions, 
with different wave periods, height and phases 
(Fig. 20.5). This can be described by an irregular wave 
spectrum. Such spectra will vary from sea area to sea 
area. Spectra that are fitted to describe the wave for 
the different sea areas can be made based on actual 
measurements and calculations. For calculating wave 
motions according to developed wave spectra, 
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Figure 20.5 A wave comprises a number of single 
waves which create an irregular wave spectrum. 


computer programs are used. In the linear wave the¬ 
ory, which is a simplification using sine waves, a set of 
formulae have been developed to calculate the wave 
motion and the total energy in the waves. 

Depending on the depth, the wave will ‘travel’ in 
different ways. In shallow water the waves will have 
an effect all the way to the bottom; at intermediate 
depths the wave motion will be reduced closer to 
the bottom. In deep water the wave motion will 
quickly decrease; half a wavelength down there is 
almost no wave motion left because so much energy 
is used to move the surrounding sea. If the cages are 
located in the sea, deep-water conditions are com¬ 
monly chosen. Here also is the explanation for the 
advantages of using submerged cages in water with 
high waves: at a depth of one wavelength there are 
no effects of the wave in deep-water conditions. 


Breaking, reflecting and diffraction of waves 

A wave ‘breaks’ when the height increases in rela¬ 
tion to the wavelength (Fig. 20.6) and the wave gets 


steeper. Visually, white foam crests characterize a 
breaking wave. Much more energy is consumed 
when a wave starts to break. Under deep-water 
conditions wave breaking will occur under the fol¬ 
lowing conditions: 

HiL>in 

where H represents wave height and L wavelength. 
When a wave breaks there is net transport of water 
in the direction that the wave breaks. 


Example 

The wavelength is 30 m and the wave height is 5 m. 
Does the wave break? 

///L= 5/30= 1/6 
HiL>in 

Therefore the wave will break. 

If the wave height decreases to 3 m will the wave 
break now? 

///L= 3/30=1/10 
HiL>in 

Therefore the wave does not break. 

Reflection of a wave occurs when it hits an 
obstruction, such as the beach, a rock wall, a rock 
awash or a floating construction. If a vertical rock 
wall is hit by the wave an opposite wave motion is 
created and the energy in this wave will send the 
energy backwards. Under special conditions it 
can therefore be quite calm just outside such rocks, 
because the wave motions from the two different 
waves neutralize each other. If the wave hits the 
beach the depth will decrease and the wave will 
gradually start to break because it is forced up from 
the bottom and gets steeper. Breaking of waves can 
easily be seen when they hit the beach. Waves may 
not break before the beach, but when they hit the 
beach they start to break. The wave must get rid of 
all its stored energy when it reaches the land. How 
much is reflected is determined by the angle to the 
shore. Much energy is dispersed when the wave 
starts to break. 

Diffraction occurs when a wave hits an obstruc¬ 
tion; the angle at which the wave hits determines 
the direction of the diffracted wave. Diffraction 
may cause waves to be sent into areas that should 
be sheltered. 
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Wavelenath L 



Wave height H 


Angle of the 
wave crest 


Wave trough 


H 1 

Breaking occurs when: ^ “ 

What creates waves? 

Several factors may create waves but the most 
important include: 

• Wind 

• Human activity, such as shipping 

• Special natural phenomena such as earthquakes, 
landslips and underwater volcanic eruptions 
create waves known as tsunamis 

• Tides - waves with extremely long wavelengths 
are created. 

Waves created by the wind are the most relevant to 
aquaculture facilities and are further described 
below. Shipping may also create waves that are 
unwanted on fish farms. To avoid such waves, sites 
close to heavily trafficked sea routes should be 
avoided. Waves created by exceptional natural 
phenomena (tsunamis) are difficult to avoid even if 
such phenomena occur more frequently in some 
areas than others. Tsunamis have a very long wave¬ 
length (>100m) and a long period (around 1000s). 
In such waves an enormous amount of energy is 
stored. They do not represent a great danger if a 
boat is on the sea, because the wavelength is so 
long. However, when they reach shallower water, 
and especially when they reach the shore and start 
to break, all the energy that is stored in them is 
released, and the consequences can be fatal. Such 
waves can be up to 30 m high when the shoreline 
has forced them to increase in height to dissipate 
their energy; they cause enormous destruction 
when they hit the shore. Waves created by the tide 
normally present no problems for cage farms. The 
wavelength here is so long that it is not interpreted 
as a wave, and the wave period is 12.5 h. Such waves 
can, however, create very strong tidal currents. 

Wind-created waves: The main ingredient in the 
formation of waves on the open ocean is wind. 
Wind-created waves are normally also what inhib- 


Figure 20.6 When the wave height 
increases relative to the wavelength 
the wave will start to break. 

its site selection for cage farming. When winds 
blow across water, a drag is applied on the surface 
and pushes the water up, creating a wave. The 
height will increase as long as the wind is strong 
enough to add energy to the wave. After a period 
of time there will be equilibrium between the 
energy in the wind and the energy in the waves; 
the wave height will now be stable. Once a wave is 
generated, it will travel in the same direction until 
it meets land or is dampened by an opposing force 
such as winds blowing against it in the opposite 
direction, or by friction. 

The height of wind-created waves depends on the 
wind velocity (t/,), the duration of the wind (t^), the 
fetch length (T) and the presence of other waves 
when the wind begins to blow. The fetch length is 
the distance where wave development can take 
place (Fig. 20.7). 

The Beaufort wind scale gives the expected wind 
velocity for the different wind strengths (see below). 
Some scales also present the normal wave height 
with different wind strengths; however, this is on 
open sea with no protection from land or islands. 

In protected water the fetch length where the wind 
can blow will limit the ability of the wind to create 
waves. The fetch length can be read from a chart and 
is the length of the free water surface. If the fetch 
where the wind is blowing is narrow, as in a fjord, the 
wind effect will be less because of the friction against 
land on both sides reducing the velocity. To calculate 
the effective fetch length a compensation factor 
called the fetch length factor is used^^ (Fig. 20.8). 
Calculations of effective fetch length in narrow fjords 
are given in the following two examples. 

Example 

The length where the wind blows is 10 km and the 
width of the fjord is 2 km. 

Effective fetch length = fetch length x 

fetch length factor 
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Figure 20.7 The fetch length is the length of the free 
water surface where the wind blows and can create waves. 



Ratio of fetch width to fetch length 


Figure 20.8 If the fetch is narrow, the wind velocity will 
be reduced because of friction against land. The effective 
fetch length is calculated using a compensation factor, 
the fetch length factor. (Adapted from Seville.'®) 

First determine the fetch width to fetch length ratio 

Fetch width/Fetch length = 2 /10 = 0.2 

From Fig. 20.8 the fetch length factor is found to be 
0.9. Therefore the effective fetch length is 

0.9xl0 = 9km 

Example 

Length where the wind blows is 10 km and the width 
of the fjord is 10km. 

Fetch width/Fetch length = 10/10 = 1 


From Fig. 20.8 the fetch length factor is found to be 
0.9. Therefore effective fetch length is 

0.9xl0 = 9km 

In shallow water the Sverdrup-Munk-Bretsneider 
(SMB) method may be used to estimate wave 
height. Formulae and diagrams have been devel¬ 
oped to find wave heights based on wind velocity 
(Uf), wind duration (tf) and effective fetch length 
(F) (Fig. 20.9). It must be remembered that some 
diagrams use the traditional sea units of foot (ft), 
knot (kn) and nautical mile (nm) (1 ft = 0.3048 m; 
1 kn = 0.5144m/s; lnm = 1852m). 

To use the diagram in Fig. 20.9, knowledge of 
the three factors, U^, t^ and F is required. First the 
wave height is found based on and and 
afterwards based on U and F. Of the two differ- 

V e 

ent values found, the lower will be the wave 
height on the site under the specified conditions 
because either wind duration or fetch length will 
limit the maximum wave height. For instance, if 
the wind duration is short a maximum wave 
height will not be attained; if the fetch length is 
also short it will also inhibit maximum develop¬ 
ment of waves, even if the wind duration indi¬ 
cates higher waves. 

Example 

Use SMB to estimate the wave height and wave 
period for a site if a fresh breeze of 20 kn blows for 
2h and the fetch length is 10 nm. 

Eirst calculate wind velocity and fetch length in 
SI units: 

20 kn = 20 X 0.5144 m/s = 10.29 m/s 
10 nm = 10 X 1.852 km = 18.5 km 

Using wind velocity and duration criteria and 
Fig. 20.9: 

Significant wave height = c. 0.6 m 
Significant wave period = c. 3.3 s 

Using wind velocity and fetch length criteria and 
Fig. 20.9: 

Significant wave height = c. 0.8 m 
Significant wave period = c. 3.9 s 

This means that wind duration is the limiting factor 
for development of waves; the wind does not blow 
long enough to create maximum wave height in 



256 


Aquaculture Engineering 



- Wave period s 

- Wave height m 


Figure 20.9 Diagram for calculation of wave height in relation to wind velocity, wind duration and effective fetch 
length. (Adapted from US Army Corps of Engineers.") 


proportion to the fetch length. Critical values for the 
site will therefore be: 

Significant wave height = 0.6 m 
Significant wave period = 3.3 s 

The SMB method with the values and diagram 
given above may be used for depths greater than 
15 m, which is normal in sea cage aquaculture. For 
intermediate depths and shallow water other for¬ 
mulae and diagrams apply.^^ 

In open sea conditions with no limitation of wind 
duration, the wave height will only depend on the 
effective fetch length and the wind velocity. The wave 
height created is the maximum possible with the 
given fetch length. A simplified method can then be 
used to calculate wave height in shallow water^^ 
(Table 20.1): 

//, = 5.112 X lO”" X U^F (m) 

T; = 6.238 X10"'([/aF)^(s) 

(7A = 0.71t/^""(m/s) 


Table 20.1 Examples of wave heights with fully devel¬ 
oped sea with different wind velocities and effective fetch 
lengths (F). Wind duration is without limitation. 


Wind 

velocity(m/s) 

Wave height (m) 



F=lkm 

F=3km 

F=5km 

F=10km 

5 

0.08 

0.14 

0.19 

0.26 

10 

0.20 

0.33 

0.44 

0.62 

15 

0.32 

0.56 

0.72 

1.01 

20 

0.46 

0.79 

1.02 

1.45 

30 

0.75 

1.30 

1.68 

2.38 


where U represents wind velocity (10-min average 
value 10m above sea level) (m/s), adjusted 
wind velocity (m/s), F fetch length (m), signifi¬ 
cant wave height (m) and T significant wave 
period (s). The following may be used to estimate 
the maximum wave height from the significant 
wave height:^'^ 
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Example 

Use the simplified method to calculate the significant 
wave height and wave period for a near gale with 
wind velocity of 15 m/s and fetch length of 3 km. 

(7^=0.71x27.96 
(7^ = 19.9 m/s 

= 5.112 X 10-“ X 19.9 X 3000^ 

H^= 0.56 m 

= 6.328//, X 10“" X (19.9 x 3000)^ 
r, = 2.44 s 

Swell. Swell comprises wind-generated waves created 
far away, which can also be called ocean waves; these 
may also affect cage farms when they come in from 
the sea. This is another reason for sitting cage farms in 
sheltered positions behind holms and breakwaters. 
Swells are characterized by quite large wave heights 
and long wavelengths. A swell can be recognized by its 
higher wave period compared to a local wind-gener¬ 
ated wave: typical swell periods are in the range 9-20 s, 
compared with 2-11 s for wind-generated waves. 

20.3.2 Wind 

Wind is normally not directly harmful to sea cage 
farms. The area of the farm above the water surface, 
where the wind blows, is small. On large operational 
platforms with buildings, however, the wind will 
have some effect. 

Wind can be separated into two components: one 
normal and the other fluctuating (gusts). The amount 
of gusting depends on the local topography. It is nor¬ 
mally gusts of wind that cause damage, for instance 
to houses. The wind velocity increases with height 
above the ground. For meteorological purposes, 
wind velocity is measured 10 m above the ground 
(Fj„). Because it varies continuously, it is given as an 
average over a period, normally 10 min. Many 
meteorological stations measure the wind velocity; 
however, a large number are located at airports or 
lighthouses, where the landscape is quite flat with 
few mountains to create gusts. When transferring 
these wind data to other sites, this must be taken into 
consideration. An easy method to present the wind 
conditions on a site is by using wind roses; these 
show where the major wind is coming from and may 
also show the average strength of the wind from the 
various directions over a given period (Fig. 20.10). 


Percent of the wind in 
North different sectors 



Wind direction 


North 

360 



Wind strength m/s 

Figure 20.10 A wind rose may be used to show where 
the wind is coming from and how strong it is. 


20.3.3 Current 

Water current is normally the dominant environ¬ 
mental force on a sea cage farm. Several factors 
may create a current in the water, including: 

• Wind 

• Tide 

• Local water flows, such as rivers 

• Large global oceanic currents or coastal streams 
such as the Gulf Stream. 
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Currents create both horizontal and vertical move¬ 
ments in the water. In fish farming the focus is 
normally on the horizontal currents. 

There are large variations in the current from site 
to site, and the overall current picture comprises all 
the different single currents. A proper description 
of the current conditions on site must therefore be 
included in the site measurements (see below). 

Wind-generated current 

Current is created in the water when the wind blows 
over the surface, because there will be a drag from 
the wind on the water surface. The velocity of the 
created water current depends on the strength of 
the wind. Because the drag is on the water surface, 
wind-created current will be highest near the sur¬ 
face and decreases with depth. The following equa¬ 
tion may be used to calculate the current created by 
wind in open waterd^ 

t/,, (z) = 0.021/, 

where 17,^ represents current velocity at distance z 
below water surface, C, wind velocity measured 10 m 
above the water surface and z the distance down¬ 
wards from the surface to the depth at which the 
velocity of the wind-generated current is to be found. 

Example 

Find the current generated by wind at depths of 5m and 
10 m. There is open water and the wind is near gale force. 

First, the near gale force wind velocity is found 
from the Beaufort wind scale to be between 13.9 and 
17.1 m/s. Therefore use a velocity of 15 m/s. The current 
velocity at 5 m depth is then 

(5) = 0.02 X 15 X j = 0-27 m/s 

At 10 m depth the wind creates a current of: 

(10) = 0.02 X 15 X (40/50) = 0.24 m/s 

These calculations also show that the velocity is 
reduced by the depth. 

As can be seen from the first equation in this sub¬ 
section, the surface current velocity is 2% of the 
wind velocity ([/,) calculated for open sea. In 
shallow water the wind-generated current velocity 


will normally be somewhat higher, partly due to 
stratification and reduced thickness of the water lay¬ 
ers being dragged by the wind, and under practical 
conditions may be up to 5 % of the wind velocity. 

Tidal current 

Tidal current is created by tidal range. The tidal 
range varies from site to site around the world. In 
Canada, a tidal range of up to 14 m occurs. In nar¬ 
row fjords and narrow necks the tidal current is 
especially high, because the tide forces the water in 
and out. In North Norway a tidal current of up to 
16 kn (8.23 m/s) has been measured in Saltstraumen 
in the inlet to Skjerstadfjorden, which is the world’s 
strongest tidal race. 

In open waters the current caused by the tide is 
not as high, and depends on the size of the tidal 
range in the area. If Norway is taken as an example, 
the tidal current varies from 0.2 to 0.8 m/s along 
the coast.i'* Tidal current is approximately equal 
through the total water column and does not vary 
with depth. The strongest tidal current occurs at the 
midpoint between high and low tide. 

Ocean currents 

Solar heating, variation in water density, wind, grav¬ 
ity and the Coriolis force have influences over the 
large ocean currents. The Gulf Stream is one of the 
strongest currents known. It starts in the Gulf of 
Mexico, passes along the east coast of the USA and 
crosses the Atlantic Ocean past Ireland and Great 
Britain and continues up past the west coast of 
Norway, where its velocity is 0.4-0.5 m/s. Coastal 
currents present the largest velocity close to land 
and decrease with depth. 

Measuring current 

When evaluating a site, the water current must be 
measured. Specially designed instruments are 
used to measure the direction and velocity of the 
current. They are an integral part of a floating 
buoy, and also include a recorder to store the 
results. Some also have a transmitter for down¬ 
loading the monitored results. It is recommended 
that the measuring buoy stays out for quite a long 
period, preferably a whole year or at least in the 
periods when the strongest and weakest currents 
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occur. The results of the measurements can be 
shown in a current rose in the same way that the 
wind data can be presented. 

20.3.4 Ice 

In northern and southern regions near polar areas, 
ice in the water may be a problem for the develop¬ 
ment of cage aquaculture, especially in fresh and 
brackish water, but also in the sea. The problems are 
of three types: 

(1) Surface ice 

(2) Drift ice 

(3) Icing up. 

Surface ice is mainly a problem where there is a 
supply of fresh water, which reduces the salinity of 
the top layer of the water. This causes the freezing 
point to change to close to 0 °C, and the water sur¬ 
face might freeze. This will, of course, also be the 
condition on a freshwater site. From time to time 
there may be a thin layer of ice on the surface that 
is so sharp that it is able to cut the nets on the cages. 

Drift ice does not normally present any problem 
for traditional aquaculture sites, but may occur near 
the polar areas from where it is released. 

Icing up of parts of the farm above the surface 
might be a problem. Icing up occurs when sea spray 
or supercooled rain hits a construction cooled to 
below freezing point. When the water hits the 
construction, it will immediately freeze and coat the 
construction with ice. This can also happen with 
aircraft under certain weather conditions and is the 
reason they are de-iced before take-off. The same 
phenomenon can be observed on fishing vessels 
working in polar areas; under unfavourable condi¬ 
tions the vessel may become totally covered with ice 
and the amount and weight can be so large that the 
vessel will sink. Offshore oil platforms in polar areas 
will also be exposed to icing up.^^ When sea cages ice 
up, the same thing can happen: the loads may be so 
large that construction breakage occurs. The weight 
of the ice can exceed the buoyancy of the collar and 
the cage will sink below the surface. Here, however, 
the ice will melt after a time and the cage will surface 
again. Windy conditions and relatively low tempera¬ 
tures may cause icing by sea spray. If the temperature 
is very low the water may freeze in the air before it 
hits the construction. Ice may cause supercooling of 
the water and possibly also fish death. 


When there are conditions for icing up (i.e. sea 
spray icing), the ice acceleration rate must be found 
(mm ice cap per hour), and based on this the weight 
of ice may be calculated.^*^^® This depends on tem¬ 
perature, wind velocity and the amount of water hit¬ 
ting the construction.^ In areas where icing may 
occur, precautions must be taken to avoid cage 
breakage, with fish escaping as a possible result.^“ For 
individual circular cages, icing on the jumping net 
can result in breakage of the railings and the inner 
ring. This may also occur on steel platform cages but 
here the platform may also be exposed to breakage. 

20.4 Construction of sea cages 

A typical sea cage comprises several parts: the cage 
collar or support system (framework), the flotation 
system, the net bag, a jumping net, and weights to 
stretch out the net bag at the bottom and to stabi¬ 
lize it in the water column. 

Three different methods may be used to construct 
the framework/collar for a sea cage (Fig. 20.11). 

(1) Stiff framework. The framework does not fol¬ 
low the wave movements. An example of a stiff 
construction is a boat. Some specially designed 
steel cages use a stiff framework. The construc¬ 
tion is characterized by large forces transferred 
to the framwork. 

(2) Framework with movable joints. The frame¬ 
work will to some extent follow the wave move¬ 
ments. An example is a traditional steel cage 
system, where joints are used to connect the 
single elements in the framework. 


Stiff framework 



Framework with joints 


Flexible framework 



Figure 20.11 Different methods of construction for 
frameworks of traditional surface sea cages. 
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(3) Flexible framework. The framework is quite 
flexible and will follow the wave movements 
well. These include frames made of plastic (e.g. 
polyethylene, PE), which are flexible to some 
degree, and those made of rubber (e.g. ocean 
cages). 

20.4.1 Cage collar or framework 

The collar or framework may have several func¬ 
tions: it helps to support the cage safely in the water 
column, it helps to maintain the shape of the net 
bag, it may help with buoyancy and it may serve as 
a work platform. 

The framework construction for stretching out 
the net bag can be combined with the buoyancy, as 
seen in plastic floating ring cages constructed from 
PE or polypropylene (PP) pipes. Alternatively, the 
buoyancy can be independent of the cage collar as 
seen when using wood or steel for support systems 
and blocks of expanded polystyrene (PS), such as 
Styrofoam, as buoyancy. 

The buoyancy is necessary to keep the cage bag 
in the correct position in the water column. It must 
have a smooth surface to inhibit the accumulation 
of fouling. Fouling increases the weight of the col¬ 
lar, which results in increased requirements for 
buoyancy; furthermore, fouling will increase the 
friction between the flowing water and the sea cage, 
which again increases the forces on the mooring 
system. Expanded PS is commonly used as buoy¬ 
ancy; if not covered with PE, exposure to sunlight 
causes it to age so that it turns yellow and becomes 
brittle. Uncovered PS will also be very prone to 
fouling, because the surface becomes so rough. The 
use of uncovered PS in sunlight is not recom¬ 
mended; to increase its durability it is quite com¬ 
mon to put it into PE cylinders or rhombs. 

If too much buoyancy is added, the cage collar 
will float high up in the water column and follow 
the wave motion, floating on top of the water col¬ 
umn throughout. Unnecessarily large forces on the 
cage bag and mooring system from the induced ver¬ 
tical motion result if there is much wave action in 
the area. The cost of the buoyancy will also be 
unnecessarily high. Buoyancy elements should have 
an aerodynamic shape to reduce the forces trans¬ 
ferred from the water current. The current forces on 
the collar are, however, much smaller than the 
forces on the net bag. 


The framework or collar can be of circular, polyg¬ 
onal or square construction. It is best to use a round 
framework because the forces are equal all around 
the circumference; polygonal or square frameworks 
will have large forces in the corners and eventually 
breakages in the construction will occur here.^^ For 
this reason, good connections at these points are 
important. Wooden frameworks are sometimes 
used to construct sea cages; only bolts, nails or ropes 
are used to connect the planks at the corners. If 
these cages are used in exposed sites with fast cur¬ 
rents and high waves, the framework will break at 
the weak points in the corners. Polygonal collars are 
better than square collars because there are more 
corners to share the total forces, and the force in 
each corner is therefore reduced. 

Different materials may be used in the frame¬ 
work (Fig. 20.12), ranging from steel, aluminium, 
wood and concrete, which are rigid, to more flexible 
materials such as PE and rubber. The modulus of 
elasticity for the material is a measure of its rigidity 
and is given by its E value, i.e. the load in relation to 
non-permanent deformation. Steel has a high 
E value, while wood has a rather lower value;^ that 
for PE is even lower. Bamboo is also used in cage 
collars, but only on low-exposure sites. 

The risk of corrosion of the framework in sea 
water when using steel or aluminium must be taken 
into consideration. If steel is used it must always be 
covered, for example with paint or zinc, to avoid 
corrosion. 

20.4.2 Weighting and stretching 

Weights on the bottom of the net bag are used to 
keep the net bag down, and to maintain as much 
effective volume as possible for the fish. Lead rope 
may be used for the bottom line in the net bag 
together with lump weights. The lump weights are 
normally added at the corners and in the centre. For 
example, on a 15 x 15 m square cage, the total 
amount of weights can be 150-200 kg, divided 
into lump weights of 25 kg in each corner and in 
the centre, with the rest evenly spread along the 
bottom line as lead rope. 

Rapid currents will decrease the effective volume 
and adding more lump weights can inhibit this; 
however, care must be taken because this will 
increase the current forces on the net bag. The need 
for buoyancy will also increase, and the same will be 



Sea Cages 


261 



the case for the size of the mooring system. Use of 
weights will also increase the dynamic forces on the 
net bag caused by the waves (stretch and slack). 

Currently, there is a trend on large individual 
cages to replace the traditional lump weights with a 
bottom ring/ballast ring. These are rings made of 
plastic (high-density polyethylene, HDPE) filled 
with weight to increase the density so it will sink. 


The ring is connected to the collar with a chain low¬ 
ered to the required depth. Here, the bottom of the 
cage bag is connected to the bottom ring with ropes. 
There are a number of connection ropes between 
the cage bag and the ballast ring around the entire 
circumference. The ballast ring ensures that the bot¬ 
tom of the cage bag is spread out in the entire vol¬ 
ume even in the presence of current. As an example. 
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Figure 20.13 Instead of lump weights, a bottom ring/ 
ballast ring is used to ensure the large effective volume. 
In the photograph the bottom ring has been lifted up. 


a cage of 157 m circumference has a bottom ring 
weighted up to 120kg/m (typically 40-70kg/m), cor¬ 
responding to a total weight of up to 181 (Fig. 20.13). 

Instead of using weights, stays or legs may be 
used to stretch out the net bag; this gives a rigid 
construction. The environmental forces will be 
greatly increased by doing this and the bag will 
require a much larger mooring system. 

20.4.3 Net bags 

Net bags can be constructed in different ways and 
with different materials.^^^^'* In the past materials 
such as cotton and flax were used. These materials 
become heavy in water and their strength is rapidly 
reduced; in addition, they are not very durable. 
Nowadays, synthetic plastic materials such as 
polyamide (PA, nylon) predominate. This material 


is cheap, strong and not too stiff to work with. PE is 
also used to some extent because it is more resistant 
to fouling as the surface is smoother; however, it is 
stiffer to work with. Polyester (PES) has also been 
tried. 

Nylon used for nets is made as a multifilament 
consisting of several thin threads spun together to 
make a thicker one. The advantage with multifila¬ 
ment is that the thread is easy to bend, easy to work 
with, tolerates more loads and is more resistant to 
chafing. In contrast, monofilament is a single thread 
as used in a fishing line. It can be made of PE and is 
stiffer and more vulnerable to chafing than a 
multifilament. 

Nets are either knotted or knotless, in which case 
they are sewn together. In the past there were prob¬ 
lems with knotless nets because they came unstitched, 
but today this problem has been overcome and both 
knotted and knotless nets are in common use. 

The normal mesh shape is square; hexagonal 
meshes are also used, but to a lesser extent. 
Hexagonal meshes are more commonly used for 
trawling bags on fishing vessels. 

A number of dimensions are used to describe the 
mesh. Bar length is the distance between two knots 
while mesh size is the distance between the knots 
on a stretched mesh. However, mesh size may also 
refer to bar length, which makes this expression 
rather confusing. In this chapter mesh size is given 
as stretched mesh. In a hexagonal mesh, the mesh 
size is given as the distance between the two longest 
parallel bars (Fig. 20.14). 

Another expression that indicates how the net 
panel is standing in the sea is how the net is stretched 
in the x and y directions. This can be called the hang¬ 
ing ratio of the net (£). This is the ratio between the 
length of the stretched net panel (L^) and the 
length of the line where the net is fixed (top line) (L^): 

E = LJL^ 

Normally, E for net bags for fish farming is in the 
range 0.6-0.9, while for a fishing net, for instance, E 
is between 0.4 and 0.6, meaning that fishing nets 
have meshes that are more stretched out (Fig. 20.15). 

The solidity ratio (5^^) is used to describe how 
‘tight’ a net is and is defined as the ratio between the 
area covered by the twines in the net and the total 
area of the net. This relation is important when the 
resistance against water flow through the net is to 
be calculated. Fouling on the net will increase the 
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Figure 20.14 Important dimensions used to describe a 
mesh. 


High hanging 
ratio 

E = 0.9 E = 0.67 



High hanging 

ratio 

E=0.4 



Figure 20.15 How the net is stretched in the x and y 
directions will result in different shapes of the mesh, and 
the net panel will appear different in the sea. 

solidity, because the covered area is increased. can 
be calculated by the following equations: 

= 2 X (twine diameter/bar length) 

= Twine area/total area 


For typical cleaned nets, the solidity is within the 
range 0.1-0.3 but for fouled nets it might be reason¬ 
ably higher. 

The material strength of net panels exposed to 
sunlight (UV), wind, rain, acid rain, etc. is reduced. 
This process is called weathering. Polyvinyl chloride 
(PVC) is the material that is most resistant to ageing, 
followed by PE and PA; PP has the shortest lifetime.^^ 
The lifetime can be increased by adding a coloured 
(black) antioxidant, so the development of weather¬ 
ing is reduced. Today, however, white untreated 
material is commonly used for net bags. As it is usual 
to add some type of antifouling agent to the nets, this 
will also cover the multifilament. New materials, such 
as metal fibres or aramid fibres (Kevlar), may be 
interesting alternatives for use in the future to 
increase the strength and lifetime of nets and avoid 
escape of fish due to problems with the nets. 

The normal lifetime of a net bag will vary with 
site conditions; in Norway, for example, the lifetime 
of a net bag is usually set as 5 years.“ Another way 
of controlling the duration of a net bag is to carry 
out a strength test. In Norway, the breaking strength 
of the net bag below the surface must not fall below 
65% of the initial strength. 

When the bag is exposed to water currents the 
volume is reduced by deflection. Because of this, 
the net bag must be correctly constructed. Narrow 
deep nets are not recommended on sites exposed to 
currents. Recommended net depths are 0.8-1.25 
times the diameter of the bag?^ 

Because wave motion decreases significantly 
with increasing depth, it is an advantage to place the 
cage bags at some depth on exposed sites; 15-25 m 
deep is normal for large cages with a circumference 
above 60 m. The recommended depth of cage bags 
in some exposed sites is more than eight times the 
significant wave height. 

The merits of vertical or sloping sides in the net bag 
are as follows. Volume reduction is limited by using 
sloping sides, but if the amount of lump weights has to 
be increased to maintain bag volume, the forces are 
reduced if the bag has vertical sides. Tip formed net 
bags have sometimes been used on exposed sites. 

20.4.4 Breakwaters 

On sites exposed to waves, breakwaters may be 
used to reduce wave height and impact. Hence the 
environmental loads on the cages lying behind the 
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breakwater will also be reduced. Breakwaters may 
be constructed in different ways.^ One method is to 
use concrete blocks or a steel construction fixed to 
the bottom; however, these are expensive to install 
and little used for protection of sea cages in deep 
water, although they may be used in shallow water. 
Pneumatic barriers with air bubbles may also occa¬ 
sionally be used. Most usually a breakwater made 
of rubber tyres is used. Old tyres from trucks or cars 
are tied up with wire to form a fleet. The width of 
the breakwater is important for its effect on the 
breaking waves. It is normal to use several break¬ 
waters and their total width must be at least as 
great as the width of the farm to be protected. The 
width of a breakwater is recommended to be at 
least 1.5 times its length.^’ This is because the most 
damaging wavelengths are 0.5-1.25 times the length 
of the structure. A simple pipe will to some extent 
function as a breakwater, but it is much less effec¬ 
tive than specially designed breakwaters; eventually 
several pipes can be placed adjacent to each other. 

Breakwaters can be moored like sea cages. Some 
distance is necessary between the breakwater and 
the farm: up to four wavelengths is recommended.^ 
The breakwaters will then create a shadow where 
the cages are placed. 

The breakwater decreases wave height by reduc¬ 
ing the energy in the wave. This is because: 

• Reflection and waves travelling in the opposite 

direction are created 

• There is distribution in the breakwater 

• There is a transfer of energy to the breakwater 

• There is deflection of waves hitting the corners of 

the breakwater. 


20.4.5 Examples of cage constructions 

Examples of designs used for sea cages are dis¬ 
cussed to give some idea of the dimensions. 

Plastic cages 

Plastic collar cages made of either PE (actually 
HDPE) or PP are often circular, but may also be 
made quadrangular and be used as a system farm in 
less exposed sea areas. 

In circular cages it is normal to have two pipes of 
diameter 200-500 mm. Both may be filled with PS, or 
one filled with PS while the other is filled with air. 


Manufactured plastic collars are available in a wide 
range of circumferences, commonly between 30 and 
160 m, but tests are performed on collars of 200 m 
circumference. Between the two pipes some type of 
fitting is used, either of plastic or steel, to ensure 
strength and make a base for the walkway. Some also 
use a chain all round the circumference to improve 
the strength. Required buoyancy ranges from 40 to 
160 kg/m depending on the cage dimensions. 

Steel cages 

Steel cages are constructed with pontoons to ensure 
buoyancy, while the steel framework gives strength 
and stretches out the net bag. The steel construction 
is normally galvanized but can also be painted. 
Typically, there is a 2-3 m wide walkway that 
eventually can be used by a small forklift truck 
(Fig. 20.16). Normally the buoyancy is in the range 
800-4000 kg/m^, the highest value being for walk¬ 
ways for driving. The walkways around the cages 
are smaller (up to 1 m wide) and have lower buoy¬ 
ancy of around 500kg/m^. Between the centre gang¬ 
way and side-ways there are special movable hinges. 
The pontoons are normally made of PE infilled 
with expanded PS. 

Steel cages are delivered in a range of sizes, but 
typically have elements that are linked together. 
However, stiff constructions with welded horizontal 
pipes creating the frame and ensuring buoyancy are 
also used. It is also possible to use a stiff framework 
constructed of trusses. 

Ocean cages 

In recent years interest in ocean (offshore) cages 
has increased worldwide. Offshore cages typically 
do not require so much shelter from ocean waves 
(maximum height typically above 3 m). With the 
development of constructions that can tolerate high 
waves and strong currents, the number of growing 
sites is almost unlimited. Climate change, with the 
possibility of extreme weather (more frequent 
storms, hurricanes and typhoons) resulting in high 
waves, has highlighted these developments. 

A number of alternatives have been developed 
or are being developed that can tolerate these 
conditions.^®^^^ Ocean cages can be divided in sev¬ 
eral ways depending typically on how they toler¬ 
ate the forces from waves and currents. If using 
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Figure 20.16 A steel cage farm: it is possible to use a forklift If the construction has sufficient strength and 
buoyancy. 


traditional gravity cages, where gravity ensures 
that the net bag maintains its shape, the collar is 
required to follow wave motion. Gravity cages 
with a circular HDPE collar can be used as off¬ 
shore cages, tolerating up to 5-6 m wave height, 
but they will typically need some shelter, in other 
words they are not fully offshore cages. One type 
of cage suitable for large waves is made of rubber 


pipes with a typical exterior size in excess of 
400 mm. The cages are made in the shape of a 
quadrangle, hexagon or octagon. Steel pipes are 
used in the corners and to connect the parts made 
of rubber. The rubber pipes follow wave motion 
very well. The cages are reported to tolerate very 
rough weather conditions, with wave heights of 
up to Sm.^'^ 
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Ocean spar technology is another technology 
available for ocean cages, and these have no typical 
cage collar.^^ In one system vertical cylinders (spars) 
are placed in each corner of a quadrangular cage 
bag to stretch it out; the horizontal areas affected by 
the waves are thus reduced. Another type includes 
a central spar and rim held together with tension 
stays. It forms a cube-like construction that is only 
partly above the water surface but which will be 
dragged below the surface when there is much wave 
activity or strong currents. 

Use of submersible or semi-submersible cages is 
a good alternative for avoiding large wave motions 
and surface currents. These types of cage can be 
divided into those that are completely submerged 
and those only partly submerged. These may be 
constructed in such a way that they can be on the 
surface during good weather conditions but are 
submerged or partly submerged when the weather 
is bad. If using only partly submersible cages, the 
surface area of the cage will be reduced when low¬ 
ering the cages. By having the major production 
volume below the surface, where the largest waves 
and currents occur, will greatly reduce the environ¬ 
mental forces affecting the cages. In addition, using 
rigid structures to span the upper part will help to 
reduce the forces even more (also called a semi¬ 
rigid system). 

Rigid self-supporting cages may also be an alter¬ 
native. These could be a surface construction like a 
barge or a net-covered trusswork; however, having 
the option to be partly or fully submersible will 
result in reduced forces and thus these construc¬ 
tions could be made smaller. An example of a rigid 
construction that can be lowered under the surface 
is a globe-shaped trusswork made of PE pipes cov¬ 
ered with net. 

Cages may also be partly self-supporting and 
partly rigid, incorporating structures that help to 
span the cage, not like a traditional collar on gravity 
cages. By avoiding a horizontal construction that 
floats on the surface, environmental forces will be 
reduced. One such construction utilizes four verti¬ 
cal floating bars to span a square-shaped net bag. 
The surface of the cage is also covered with a net. 

Another cage construction that tolerates rough 
condition is the tension leg cage. The cage is 
equipped with legs/bars under continuous tension. 
The legs help to maintain the shape of the net under 
the water, while on the surface a rigid construction 


of PE bars also supports a net. With the presence of 
waves or currents the cages are dragged below the 
surface. To ensure that there is tension in the legs a 
special mooring system must be used. Anchors that 
are exactly positioned and that tolerate high verti¬ 
cal lifting forces must be used. 

Mooring systems and anchors are a challenge for 
offshore cages exposed to large forces. Large forces 
and increased vertical loads on anchors are typical. 
Mooring at great depths requires large areas of bot¬ 
tom surface and long mooring lines, if using tradi¬ 
tional anchors that tolerate low vertical lifting 
forces. 


20.5 Mooring systems 

The function of the mooring system is to keep the 
farm in a fixed position and to avoid transfer of 
excessive forces to the cages, especially vertical 
forces. The mooring system must also ensure that 
the environmental forces affecting the cages do not 
drag the entire cage or parts of the cage below the 
surface. Different methods are used for mooring 
depending on the type of cage, how exposed the 
sites are to the weather, and the requirement for 
positional precision. Two major systems are used 
for mooring: pre-stressed and slack (Fig. 20.17). 
Slack mooring is used to moor ships, which drift 
around one anchorage point. Such mooring systems 
are well adapted for stiff constructions such as ships. 
Few cage farming systems are stiff and therefore 
pre-stressed mooring systems are most often used, 
although slack mooring has also been tried.^* Pre¬ 
stressed systems are well adapted for use in flexible 
constructions, and in correctly designed systems the 
forces will be equally spread over the entire farm. 
Pre-stressing of the mooring system is performed at 
high tide and forces can be up to several tens of 
kilonewtons. 

A special type of mooring is needed for tension 
leg cages^’ in which the forces are taken up in the 
tension legs which, regardless of weather conditions, 
are always under tension. In this way the dynamic 
loads resulting from the weather that affect tradi¬ 
tionally moored cages and create slack and tension 
in the lines are avoided. The challenge when con¬ 
structing tension leg moorings is to find technical 
solutions where the legs will always be tensioned. 
The construction will have a higher stiffness. 
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Pre-stressed; normal condition; no load 



Pre-stressed; loaded condition 




Figure 20.17 The mooring system of sea cages con¬ 
sists of three major parts; the system can be pre¬ 
stressed or siack. Pre-stressed systems are commoniy 
used when mooring sea cages. 


A pre-stressed mooring system contains three 
major parts (Fig. 20.17): 

(1) Mooring lines which include the point of attach¬ 
ment to the cages 

(2) Buoys 

(3) Anchors. 

Later in this chapter the design and construction 
of different mooring systems are described, with 
primary emphasis on mooring of seawater cages 
exposed to waves (>1 m) and currents (up to 1 m/s). 
In well-protected seawater sites and freshwater 
sites, the environmental loads transferred to the 
cages are reduced and a smaller mooring system 


can be used. However, the same basic principles can 
be used for design and construction. 

20.5.1 Design of the mooring system 

The design used for the mooring system depends on 
the type of cages to be moored (Fig. 20.18): 

• Single cages 

• System for mooring several single cages 

• Single cages with walkway 

• Single cages with walkway and landing 

• Group of cages (platform cages) 

• Ocean cages 

• Cages lying on sway. 


















Single cage 


System 



Mooring of platform farms 


cages 



Plant lying on sway 



Figure 20.18 Various systems for mooring sea cages. 
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Mooring line 




Figure 20.19 Double fixing is recommended where the 
mooring lines are connected to the collar. A hen foot can 
be used to divide the forces from the mooring system into 
the cage collar/frame. 


A single cage may be moored by between four and 
six single buoys attached to anchors and to the cage 
by mooring lines. It is recommended that the single 
mooring line be divided into two or three before the 
fixing point to the cage. This is known as the ‘hen foot’ 
mooring; it reduces the forces at the points of attach¬ 
ment to the cage framework, because the number of 
fixing points is doubled (Fig. 20.19). The points of 
attachment are critical in the mooring system, because 
all forces are transferred through these points. The 
cost of mooring single cages is high; the system is 
most viable for larger circular and polygonal cages. 

Today, systems for mooring several cages are 
more usually used. Two or three longitudinal moor¬ 
ing lines are attached to each other with transverse 
mooring lines; in this way a frame where the single 
cages can be fixed is built. By lowering the frame 
1-2 m below the water surface, access to the cages 


by boat is improved. Here again, the single cages 
are attached to the frame with a hen foot mooring. 
One single cage may be removed, taken out from 
the system and transferred to another site. 

Single cages may also be moored to walkways. If 
the walkway has a landing, the requirement to keep 
the cages in the same position is greater (high posi¬ 
tion precision); the pre-stress in the mooring lines 
must also be higher. With such moorings the prob¬ 
lem is that the wave is transmitted through the cage 
and the walkway with different velocities, resulting 
in large forces at the connection points. The connec¬ 
tion point may therefore be subject to material fail¬ 
ure. To reduce the forces it is advantageous to use 
several connection points. Alternatively, the con¬ 
nection point must be flexible. Fixed connections to 
walkways are not recommended in exposed water. 

In ocean cages the requirements for the moorings 
system are large because the forces are so great. 
Ocean cages are moored individually and producers 
will normally have their own mooring systems, which 
could be an integral part of the cage construction. 

In a platform cage farm the mooring line is 
typically withdrawn from each corner and from the 
middle of the farm. Such farms are normally sited in 
protected water because they tolerate lower waves, 
due to their construction with linkages. The differ¬ 
ence from a mooring system for single cages is that 
there is no need for horizontal and vertical mooring 
lines through the farm. The mooring lines are 
directly attached to the steel framework, which has 
enough stiffness and buoyancy to handle the 
mooring forces directly. 

If the sway principle is used, only one mooring point 
is necessary; it is actually a slack mooring. This mooring 
point is exposed to large forces and a big anchor and 
buoy are necessary.^* Such farms need a large area 
because the unit will drift around the mooring point. 
However, ageing of the sites is delayed when using this 
arrangement. However, the method is seldom used, 
mainly because such a large area is necessary. 

20.5.2 Description of the single components 
in a pre-stressed mooring system 

Fixing point 

The mooring line is fixed to the collar by a shackle. 
If a rope is used this should be spliced and a thimble 
used to reduce the bending of the rope. All bending 
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will weaken ropes to some extent. A bending dia¬ 
meter of three times the rope thickness is necessary 
to avoid significant weakening. A knot can reduce 
the strength of the rope by 50%.^^ Rings may also 
be used in the connections because they tolerate 
chafing better. It is an advantage to over-dimension 
the connection, for instance by doubling the size of 
the maximum transferred forces.^® 

The force through the connection point can be 
divided into horizontal and vertical components. To 
avoid breakage of the cage collar by the tide, the 
vertical component should be transferred so that it 
is as low as possible, almost negligible. By using sev¬ 
eral connection points to the collar, the forces trans¬ 
ferred at each point will be reduced, although this 
will increase the mooring costs. Normally at least 
four points are used. As explained previously, it is 
advantageous to split the single mooring line before 
atfaching it to the collar, so more connection points 
are achieved; such an arrangement is known as a 
hen foot mooring from its design. 

To secure the fixing point against breakage, a 
secondary fixing may be used (Fig. 20.19). An extra 
rope or wire transfers forces directly from the collar 
to the mooring lines if the main fixing point breaks. 

Mooring lines 

Different materials and designs can be used for the 
mooring lines, which are often made of synthetic rope 
(Fig. 20.20). When choosing rope, the breaking strength 
is the most important factor, but price and duration are 
also major determinants. The elasticity, given by the 
E modulus, must also be taken into account. How 
much a line stretches lengthwise when loaded can be 
given in the mooring line characteristics. 

Lines of synthetic rope are often stretched perma¬ 
nently after the first load, so are beyond their elastic 
range and do not return to their original length. It 
may be advantageous to pre-stretch the rope before 
it is used; alternatively, the rope must be tightened 
after exposure to the environmental loads. 

Different materials are used for synthetic ropes, 
such as PA (nylon), PE, PES and PP, all of which 
have advantages and disadvantages. PA tolerates 
the highest forces for a given diameter, while PP 
ropes have the lowest weight. Metal or Kevlar 
threads may also be integrated into the rope to 
increase its strength, but this also increases the cost. 

Ropes may be exposed to chafing and this must 
be avoided. The rope may be covered, for instance 



Figure 20.20 Rope is a common material to use in the 
mooring lines but chain may aiso be used on parts of the 
totai mooring system. 

with a PE pipe, to reduce chafing. Variable loads, 
such as occur in mooring lines, will decrease the 
strength of the rope more than constant loads.^® The 
lifetime of synthetic rope in a mooring system can 
be set as 4 years as a starting point, but will of course 
depend on the rope and the loads on it. 

If a chain is used in the mooring system, it will be 
exposed to corrosion. Good quality therefore confers 
an advantage, but this will be a question of price com¬ 
pared to duration. Chain is heavier to handle than 
rope and therefore more handling time is necessary. 
Chain tolerates more mechanical influence (chafing) 
than rope. For this reason chain is often used near the 
bottom, close to the anchor, normally for the first 
15-20 m of the mooring lines. Afterwards rope is used 
because it is so much easier to handle. To avoid the 
connection point being exposed to chafing against 
the bottom, a small buoy may be added here. 
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Figure 20.21 Buoys are used to reduce the vertical 
forces on the collar, and birdnets are used to avoid birds 
taking smail fish. The end buoys can be equipped with 
lights to show the extent of the farm. 


Wire or metal rope may also be used for mooring, 
but even though it is strong it is expensive and difficult 
to work with so is seldom used. However, it may be 
a good alternative secondary fixing for cages. 

Buoys 

Buoys are used to hold up the mooring lines so that 
vertical forces on the collar are avoided (Fig. 20.21). 
They will also take the weight of the mooring sys¬ 


tem so this is not transferred to the cage if placed 
some distance (normally 15-20 m) away from the 
collar. By limiting this distance, spreading of the 
mooring system will also be avoided. Furthermore, 
to ensure horizontal transference of forces, the 
buoys have a major roll in pre-stressing the farm by 
pre-stretching the mooring lines. Buoys will also 
function like extension springs and damp wave 
movements, for instance. When a load is added to 
the cage the buoy will be dragged down and not so 
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much will be seen on the surface; if the load is 
removed it will float up again. 

Typical buoy sizes range from 200 to 700 L. The 
buoys can be filled with air or foam. To avoid punc¬ 
tures reducing the buoyancy, the use of foam-filled 
buoys is highly recommended, and in some places is 
mandatory. Expanded PS or polyurethane (PU) is 
commonly used. If an air-filled buoy is dragged 
below the water surface, the buoyancy will decrease 
rapidly because the buoy is compressed; reduced 
volume results in reduced buoyancy. Foam-filled 
buoys will also be compressed when beneath the 
water surface. PVC foam filling will tolerate more 
pressure, but is more expensive than PU. The buoy¬ 
ancy of the buoys is recommended to be somewhat 
higher than the calculated requirement, twice what 
is necessary for instance. Round, cylindrical and 
polygonal buoys are used in mooring systems. 
Experiments in which single buoys were replaced 
with multiple floats covering a distance of the rope 
showed that these gave a much smoother dynamic 
response on the anchor lines.^'’ 

A lump weight can be added to the mooring line 
between the cage collar and the buoys. This makes 
it possible to go over the lines by boat, and will also 
function as an additional pre-stressor of the farm 
and reduce jerks in the lines. However, the wear on 
the mooring lines is increased by this method, which 
is therefore not recommended. 

From the buoys the mooring lines go to the moor¬ 
ing points. Depth-length ratios are commonly set to 
2.5-4. Long anchor lines reduce the vertical forces 
and reduce the required buoyancy in the buoys, but 
have the disadvantages that a greater area is needed 
and the cost of the mooring lines is increased. 

The magnitude of the pre-stress in the mooring 
lines for a cage farm depends on the site and other 
factors. One method is to pre-stress at high tide so 
that 75% of the volume of the buoy is below the 
surface and 25% is above to take additional loads. 
Inspection of the buoys could then constitute a sim¬ 
ple control of the mooring system. Since all moor¬ 
ing lines are equal and equally pre-stressed, all 
buoys will have the same volume above the surface. 
It can be an advantage to have distinct marks on the 
buoys to control more easily how much of the buoy 
volume is below the surface. This check must, how¬ 
ever, be done when no environmental forces affect 
the cage. If, for instance, a current is coming in from 
one side, the buoys on this side will be dragged 


down and those on the opposite side will float 
higher in the water as a result of the unequal loads 
on the mooring lines. 

The end buoys could be equipped with a light to 
show the extent of the farm at night (Fig. 20.18). 

Anchors 

The simplest type of anchor is the dead weight or 
block anchor. Theoretically all heavy objects, such 
as old engines, may be used but they may be diffi¬ 
cult to handle. In addition, this may result in chafing 
of the mooring lines. Concrete blocks are most 
commonly used as weight anchors and vary from 
some hundreds of kilograms to several tonnes. As 
the density of concrete is quite high (around 2.4 t/m^) 
it will easily sink to the bottom, stay there and take 
up forces. The great disadvantage with block 
anchors is that they are heavy to handle. Large 
cranes are needed on the boats setting them out and 
precautions must be taken to avoid tilting the boat 
during this operation. 

To prevent block anchors being displaced on the 
bottom, good friction between anchor and the 
bottom is necessary; this depends on the bottom 
conditions and is given by the friction coefficient. 
Sand and clay have high friction coefficients while 
that of rock is low (between 0.1 and 0.5), so that an 
anchor will slide easily on rock. Block anchors are 
not recommended for use on rocky ground; here 
either drag anchors or bolts should be used. Friction 
coefficients of 0.5 for sand and 0.3 for clay may be 
used as a basis for anchor choice if no measure¬ 
ments are done.^* 

To increase the friction coefficient, the bottom of 
the anchors can be rough, even having iron bars 
emerging from the base. Another method of increas¬ 
ing the friction is to add an iron jacket around the 
bottom of the block. This will increase the forces 
holding the anchor on the bottom, because it is 
sucked to the bottom like a sucking disc, assuming 
suitable ground conditions such as clay. The angle at 
which the mooring line is joined to the block is, of 
course, also important in inhibiting horizontal move¬ 
ment (see section 20.7.2). To avoid tilting of block 
anchors, the width of the blocks should be large in 
relation to the height (>2 : 1), or the block anchor 
may tilt over the mooring lines and cause chafing. 

A drag anchor, also named a fluke anchor, is 
another type much used (Fig. 20.22). The aim of the 
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Figure 20.22 Different anchors are used for mooring 
sea cages: block (A), drag (B), pile (C), bolt (D).The photo¬ 
graph shows drag anchors. 


design is for the anchor to be dragged down into the 
ground like a plough and become fixed. The holding 
force of a drag anchor depends on the weight of the 
anchor, the mass above the anchor (how much it is 
dragged down), the friction between the fixed sea¬ 
bed (soil) and the mass dragged up by the anchor, 
the friction between the fluke surface and the sea¬ 
bed (fluke area) and the friction of the mooring line 
in and on the seabed.^^ The holding capacity of drag 
anchors has been reported to be up to 25 times the 
weight with good bottom conditions.^® 

Various designs of fluke anchors are available, 
and the different suppliers normally have their own 


designs. The old traditional one is the stock anchor 
as used on boats; today more effective designs for 
mooring of fish farms are available. How well fixed 
a fluke anchor is to the bottom depends on the 
bottom conditions and the design of the anchor; the 
angle of the mooring line is also important. The 
optimum angle depends on both the bottom condi¬ 
tions and anchor design. The angle for ebbing 
anchors used in sand can be 30-35° and in clay 
30-50°.! 

A fluke anchor will tolerate a large horizontal 
force, but tolerance of vertical forces is low. To 
improve this, a heavy chain may be used before the 
anchor. Another method is to use a small block 
weight on the mooring line before the anchor. 
A fluke anchor is of much lower weight than a 
block anchor, because it is based on a totally differ¬ 
ent principle, but is more expensive. From the back 
edge of the fluke anchor there should be a rope to 
the surface; to keep the rope on the surface where 
it can be reached, it is attached to a buoy. This must 
be done to ensure the anchor can be released when 
removal is necessary, otherwise this might be 
impossible as the anchor is normally completely 
buried in the bottom after the mooring system has 
been pre-stressed. 

Bolts can be used to advantage where it is pos¬ 
sible to fasten the mooring lines in rock, usually 
where the mooring lines lead to land, but bolts 
may also be used under the water surface. 
Galvanized bolts are set into drilled holes; they 
can either have an expanding construction or 
expanding slurry can be injected into the holes. 
The bolts are of the eye or T-type. The mooring 
line is fixed to the bolt by a shackle, in the eye for 
eye bolts and around the bolt stem for T-bolts. To 
avoid the bolt being dragged up, the angle between 
the mooring line and the bolt should be below 45°. 
Eye bolts are set with the eye parallel to the moor¬ 
ing lines, while T-bolts are set normal to the lines. 
Special ROV units might be used to drill and fix 
bolt at greater depths. 

Piles are an alternative in sand and clay bottoms, 
but the forces they can take up are normally quite 
low; otherwise they must be very large which 
increases the cost considerably. It is the friction 
between pile walls and the seabed that ensure the 
holding force. There are several other special 
anchors that could be used, but they are normally 
more expensive. One type used in the offshore oil 
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industry is the suck anchor. In principle the anchor 
is a large specially designed sucking cup that sucks 
down to the bottom. This can be made from a wire- 
spoked wheel with a plastic cover. 

The development of more offshore aquaculture 
requires more advanced anchors and mooring 
systems that can tolerate greater vertical loads and 
which can be more exactly positioned. Knowledge 
from the offshore oil industry may be useful here, 
where for instance several types of more advanced 
suck anchors are used. One of these types is a large 
bucket-like construction. This bucket is lowered to 
the bottom with the opening down. A pump is then 
used to remove the water inside the bucket, so that it 
will suck down into the bottom sediments. After 
sucking down, the pump is removed and the anchor is 
ready to use. One great advantage with suck anchors, 
in addition to higher tolerance of vertical forces, is 
that they can be exactly positioned. More advanced 
anchors which also suck down on the bottom and 
which are installed with the help of a suck anchor 
include the suction embedded anchor (SEA) and 
suction embedded plate anchor (SEPTA) These 
anchors are constructed so that when the suck anchor 
on the top is removed and there is a drag in the 
anchor line, the plate changes position from vertical 
to horizontal; since they are lowered into the seabed, 
they will have high tolerance against vertical forces. 

At great depths a traditional anchoring system 
will occupy a large bottom area because traditional 
anchors have low tolerance against vertical forces 
but high tolerance to horizontal forces. Also, when 
using cages with tension legs and sway mooring 
with single-point mooring, it is important to have 
anchors that can tolerate vertical forces. A vertical 
load anchor (VLA) can be a solution to this prob¬ 
lem, because the angle between the anchor line and 
the bottom can be higher than for a traditional 
fluke or fluke anchor. A VLA consists of a plate 
that is dragged down into the seabed, with mooring 
lines connected in each corner. The four lines are 
connected into a connection ring on the main 
mooring line, so the anchor always stays in a normal 
position on the mooring line. 

Another anchor used in the offshore oil industry 
is the torpedo anchor. This looks like a torpedo and 
is dropped rather than lowered by mooring lines. 
When the anchor is dropped, the weight of the 
anchor and gravity ensure a high velocity with the 
result that the anchor penetrates the bottom and 


becomes fixed. The mooring line can then be tight¬ 
ened up. Such anchors require a soft bottom to be 
able to penetrate, for instance clay. 

20.5.3 Examples of mooring systems in use 

The mooring system will naturally be individual to 
each site, and depends on the environmental forces. 
Some examples are given below for some exposed sea 
sites. The system will also depend on the chosen qual¬ 
ity of the rope, the chain and the type of drag anchor. 

A system mooring is used to moor eight circular 
plastic cages with a diameter of 15 m. The system 
mooring is prefabricated and consists of a frame of 
chain (13 x 88mm alloy). Within the frame a 36-mm 
synthetic rope is used. The three main longitudinal 
mooring lines are of 58-mm rope; this is also used in 
the 10 side moorings. Anchors are 32-mm eye-bolts 
and drag anchors with a weight of 1.2-1.8t. In the 
final part of the mooring line to the anchors/bolts, 
chain is used to avoid chafing. 

Another system mooring is used on frames of 
90 X 90 m. Rope with a diameter of 64 mm is used in 
the main mooring lines; in the hen feet and the land 
mooring ropes 48 mm is used. A fluke anchor is 
used at a depth of 220 m. Bolts in the rock are used 
down to depths of 30 m, double bolts for the main 
longitudinal mooring lines and single bolts on the 
cross mooring lines. 

To moor a platform cage farm with a total of 
16 cages with a diameter of 15 x 15 m and a bag 
depth of 10-15 m, 32-mm synthetic ropes are used;'*” 
16-mm chain with a weight of 3.8 kg/m is used on 
the last part to the anchors. A lump weight of 100 kg 
is used at the connection point between the chain 
and the rope. Eye-bolts or drag anchors of 800 kg 
are used as anchors and the buoys are 500 L. 

Typical anchor sizes for mooring offshore rubber 
cages are 10-301 for block anchors or 3-51 for drag 
anchors. The mooring ropes are typically 50-70 mm 
diameter.^'* 

20.6 Calculation of forces on a sea 
cage farm 

To be able to design a cage with its mooring system, 
it is necessary to calculate the environmental forces 
affecting the farm. On ordinary sites it will be the 
current that causes the highest forces, while on more 
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Figure 20.23 Like a boat, the top of a 
sea cage will be subjected to forces as 
a result of current, waves and wind. 
(Adapted in part from Beveridge.') 


exposed sites the wave forces will also be considera¬ 
ble. The direct wind forces will be low due to the 
small area above the water. Both static and dynamic 
(from the waves) forces will affect the cages. The size 
of the forces must be known to find whether the cage 
construction will tolerate the forces on the site, or if 
the construction will break down. The supplier of the 
cage should have done these calculations and know 
whether the equipment will tolerate the forces at the 
site. However, the environmental forces will also 
determine the size and design of the mooring sys¬ 
tem, and these must be determined on site, because 
the environmental loads will vary with the site. 

Calculation of the forces that affect the sea 
cages is quite difficult, especially for open ocean 
cages; normally computer programs utilizing 
numerical methods are employed (for the latest 
information see, for example, refs 41-43). In this 
section only a brief overview is presented, focus¬ 
ing on simplified solutions to increase the reader’s 
knowledge of how environmental forces affect 
floating constructions. 

20.6.1 Types of force 

A construction floating in the water, for instance a 
boat or a sea cage, will be exposed to forces as a 
result of current, waves and wind. The forces can be 
resolved into three linear components in the x, y 


and z directions; the torque occurs around the same 
three axes (Fig. 20.23)4 

(1) Linear movements 

(a) Heave: vertical motion 

(b) Surge: horizontal motion along longitudi¬ 
nal axis 

(c) Sway: horizontal motion along the trans¬ 
verse axis. 

(2) Rotating movements 

(a) Yaw: rotation about the vertical axis 

(b) Roll: rotation about the longitudinal axis 

(c) Pitch: rotation about the transverse axis. 

When doing calculations, the six forces may be 
resolved into two forces: a resultant horizontal 
force and a resultant vertical force. Even if the accu¬ 
racy is less, the calculation is greatly simplified. Thus 
there are two forces affecting the farm (Fig. 20.24): 

(1) Drag force parallel with the current direction, 

(2) Lift force normal to the current direction, F^. 

To give some idea of the environmental forces 
involved, the following minimum values have been 
recommended in Norway^* when designing a moor¬ 
ing system for sheltered offshore farms: 

• Significant wave height: 1.5 m 

• Current velocity: 1 m/s 

• Wind: 30 m/s over 10-min period 
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G = Weight of net in water 
S = Force from the water current 
R = Resuitant force 


(tension in the net bag) 

Figure 20.24 Resolution of the forces affecting the 
cage farm into horizontal and vertical components. 


• Storm flood tide: 1 m 

• Fouling: 30% of the area underwater is fouled 
completely. 

These values will, however, vary from site to site 
around the world, depending on the location. 
During the past few years an increasing number of 
exposed sites have been used for farming purposes 
where environmental forces are greater than those 
given above. 


20.6.2 Calculation of current forces 
General methods 

All parts of a cage farm below the water surface 
will be affected by the current. This includes the net 
bag, the cage collar (pontoons), the buoys and the 
mooring lines. The size of the forces on the ele¬ 
ments depends on the area affected by the current. 
Thus the net bag is affected the most because it has 
the largest area. 

To calculate the current forces affecting a sub¬ 
merged construction, the first part of Morrison’s 
equation can be used. The same equation may also 
be used to calculate the wave forces, but here an 
acceleration term is also included. As the current 
velocity is constant, this term can be neglected 
when calculating the forces. 

Morrison’s equation without the acceleration 
term and with forces only in the x direction can be 
written as follows: 

F^ = y,pC^UlA 


Low current veiocity 



High current veiocity 



Figure 20.25 A normal net bag will be deflected by the 
current. 


where represents drag, p water density, A area 
affected by the current, current velocity and 
drag coefficient. The drag coefficient gives a pic¬ 
ture of the current resistance between the object 
and the water current and is determined by exper¬ 
iment. If the object is square the coefficient will 
be higher than for an aerodynamically shaped 
construction. The drag coefficient can be found 
from the bar diameter and bar length of the net 
used in the cage bag.'*'* It can also be found from 
the solidity, Reynolds number and the angle of 
attack of the current.'^® 

Fouling on the net bag will increase the current 
forces because the area of the net is increased, and 
by this the area that affects the current. Solidity 
increases with fouling because the bar diameter 
increases. However, to calculate the current forces 
on the net bag is not easy. Not only does the water 
pass through the net bag, but the current will also 
cause the net bag to deflect (Fig. 20.25). By having 
several net bags one behind another, the current 
velocity will be reduced from net panel to net 
panel as a result of the resistance to flow through 
the net bags; therefore more and more water will 
gradually flow below and around the bags behind 
the first one. 

The net bag will be exposed to a lifting force due 
to the deflection because it is fixed on the surface 
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Rigid cage 




Deflected with increasing angle 



Figure 20.26 The cage is not rigid but will be deflected 
at an increasing angle by the current. 


by the mooring system. More accurate equations 
for the current forces affecting net bags which are 
not rigid, and deflected by an angle a, will therefore 
be as follows: 

F^ = y,pC^{a)UlA 
F^ = y,pC^{a)UlA 

where F^ represents drag, F^ lift, a angle of deflec¬ 
tion of the net, p water density, A area affected by 
the current, current velocity, drag coefficient 
and lift coefficient. 

These equations will also only be partly correct 
because the net bag is not deflected by a fixed angle 
towards the surface, but in a curve (Fig. 20.26). By 
dividing the bag into several sections with different 
angles it is possible to compute the drag and the lift, 
but this requires a lot of calculations. The coeffi¬ 


cients will depend mainly on the solidity of the net 
and the attack angle. 

Because it is fairly complicated to calculate the 
forces on the entire net bag in one go, a method 
which divides the net bag into single net panels 
has been utilized.'*'’'*’ For example, a square cage 
contains four side panels and one bottom panel. The 
force is then calculated for each panel and the total 
force represents the sum of the forces on the sepa¬ 
rate panels: a trial showed that the calculated forces 
were in the range 0.9-1.3 of the measured forces. 

The amount by which the net is deflected depends 
on the current velocity, the weights in the bottom of 
the bag, and the bag design. Experiments have shown 
that the reduction in volume of the net bag can be 
over 90%, when the velocity is increased from 0 to 
1 m/s.'*® To reduce the deformation, increased lump 
weights in the bottom could be used. Flowever, this 
will increase the horizontal force on the net several 
times over and may not be advisable.'*'’ In addition, if 
there are waves, extra weights in the bottom of the 
bag will increase the wave loads on the net bag. 

For more detailed calculation taking more fac¬ 
tors into consideration, more advanced models 
have been developed. These separate the net panels 
in the cage bag into a number of smaller elements 
and also consider net deflection and hydrodynamic 
responses on wave motion (numeric methods, finite 
element method, ‘super element method’; for fur¬ 
ther information, see refs 41,49-52). 

Reduction in velocity 

When the water current passes one net panel the 
current velocity will be reduced by friction from the 
net; much of the water is then forced to go under and 
around the following nets. When the water current 
hits the next panel, the force on this panel will be 
reduced because the water velocity is reduced. To be 
able to calculate the forces on the following net pan¬ 
els it is necessary to know the size of this reduction, 
particularly since the velocity is squared in Morrison’s 
force equation so gives a large contribution. 

The following equation may be used to estimate 
the current velocity (7. after i net panels:'*'’ 

U, = U/ 

where i represents number of net panels that the water 
has to pass, (7, current velocity of the water when it 
hits the first panel and r reduction factor (depending 
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on the solidity, S^, for the net). The velocity reduction 
factor may also be expressed by the drag coefficient 
Cjj, which again is affected by the solidity, S^. 

/- = 1-0.46Cd 

If is between 0.1 and 0.35, may be calculated 
as follows: 

Cd = 0.04 + (-0.04 + - l.lASl + 13.75„')cosa 

where a represents angle of deflection of the net. If 
using rigid cage bags, the equation will be as follows: 

C^ = S,-12ASl + l?>nSl 

As seen there is a dramatic reduction in velocity for 
every net panel the water has to pass. 

In addition, reducing the forces on the net bags 
that lie behind the first one will result in a reduction 
in supply of new oxygen-rich water. With several 
cages positioned one after another in the direction 
of the current, lack of oxygen might occur in the last 
cages that the water passes. Because water exchange 
is reduced, there will also be a reduction in removal 
of metabolic waste substances, which also shows the 
importance of correct individual placing of the 
cages in relation to the current direction. 

With increasing amounts of fouling the current 
velocity will be reduced even more, as a result of 
increased solidity, so it is important to minimize 
fouling on the nets. 


Example 

Three cages are lying behind each other. The velocity 
of the current that hits the first net panel is 0.7 m/s; 
is 0.32. Calculate the current velocity in each of the 
three cages assuming rigid nets. 

Eirst the velocity reduction factor (r) is calculated 
from 

/-= 1-0.46(0.32) 
r= 1-0.15 = 0.85 

Then the velocity inside cage 1 (after 1 net panel), 
cage 2 (after 3 net panels) and cage 3 (after 5 net 
panels) is calculated: 

I/i = 0.7x0.85^ = 0.6 m/s 
1/2 = 0.7x0.85" = 0.43 m/s 
1/3 = 0.7x0.85" = 0.31 m/s 


Simple method for calculating the current 
forces with rigid nets 

As shown, there is a lot to consider when calculat¬ 
ing the current forces on sea cages, and usually 
specially designed computer programs are used for 
this purpose. However, for rigid nets it is possible to 
calculate the forces employing quite simple meth¬ 
ods; these result in overestimation of the forces 
compared with the real situation, but will show the 
principles. Using the values obtained to calculate 
the size of mooring lines and anchors will also 
ensure that the mooring is large enough, although 
the mooring system will be more expensive than 
necessary because it is over-specified. 

A simple set of equations and diagrams have 
been developed for calculation of the current forces 
on rigid sea cages.'*® The method assumes rigid 
mesh/bags with no deflection, so therefore no lift¬ 
ing forces. In addition, only forces normal and par¬ 
allel to the current on the farm are taken into 
consideration. 

First, the drag on the net panel normal to the 
current direction, must be calculated; then 
forces parallel to the current direction are cal¬ 
culated; these are then added to give the total 
forces 

Dtot 


:y,pC^^Uf{BD)m 


1 -r" 


F^^=ypC^^Uf[B + lD)lmy-^ 

t r 


4n \ 


where 

F =F +F 

p density of the liquid 

drag normal to the curent direction 
= 5„-1.245/+ 13.75„" 

S,, (solidity) = 2 x (bar diameter/bar length) 

Cj 3 p drag parallel to the current direction (set to 
0.04 based on the shape of the bag) 

17, current velocity 
B width of the cage bag 
D depth of the cage bag 
/ length of the cage bag 

n number of cages parallel to the current direction 
m number of cages normal to the current direction 
r reduction factor = 1 - 0.46C„,„ 

DN 
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The above equation is used to find the force when 
the farm is parallel to the current direction. To use it 
when the farm is normal to the current direction 
requires only that the values of n and m in the equa¬ 
tions be exchanged. 


Example 

A rectangular system farm includes two cage bags, 
one after another and eight side by side in relation 
to main current direction, a total of 16 cages. The 
size of the single cage is width 10 m, length 15 m, 
depth 12 m. The design water flow is 0.8 m/s. 
Calculate the current forces that affect the farm, 
presuming rigid nets. 

The drag coefficient C^^ must be calculated first: 

C^^ = S„-1.24Sf + 13.1Sf 
Cdn = 0.3 -1.24 X 0.3" -t 13.7 x 0.3" 

Q« = 0.56 

Calculate r 

r=l-0.46CDN=0.74 

Then the forces on the net panels normal to 
or parallel with the current direction can be 

calculated. 

Drag normal to flow direction: 

(1 _ 1 

F^^ = y,pC^ffjf{BD)m\-:^ 


^DN = K X 1025 X 0.56 X 0.8" x 10 x 12 x 8 


( 1-0.74''><""1 
1-0.74" 


= 354 724 N 


Drag parallel to flow direction: 

f 1 _ r'*" 1 

F^^ = ypC^^Uf{B + 2D)lm\ r" 

{1-r J 

Tdp = K X 1025 X 0.04 X 0.8" X (l0-t2 x 12) 


X 15 X 8 X 


^1-0.74""""' 
V 1-0.74" y 


X 0.74" = 38103 N 


Total drag: 

fD.o. = ^DN + fDP = 354724 + 38103 
= 392 827 N = 392.8 kN 

Another very simple method is to use Morrison’s 
equation on the total length of the rope used to 


create the net panel. By calculating the current 
resistance from the total length of the rope, the total 
forces affecting the bag can be found:^'^ 



where N represents number of meshes in the length 
of the panel, bar length, / coefficient of decrease 
(normally around 0.7), F length of the panel, 
T number of meshes in the depth of the panel and 
D depth of the panel. 

Next the length of the filament (rope) per side 
(Z^) is calculated: 


F, = 2NTI,^K 

where represents knot factor. 

Therefore the total drag force on the net panel 
can be calculated by Morrison’s equation: 

FD = y2PCoV^Lj.d 

where d represents rope diameter (bar diameter) 
and V velocity. C^, the drag coefficient for a cylin¬ 
der, is used since this is the same as that of the rope, 
and is 1.2. 


20.6.3 Calculation of wave forces 

Waves are important when designing sea cages. The 
wave forces will influence design of both the cage 
collars and the net bag. If the wave forces are too 
high the collar may break. However, wave forces 
will also affect the mooring systems and must be 
taken into consideration when calculating the size 
of the mooring system, even if they are smaller than 
the current forces. 

Calculation of wave forces normally involves the 
use of computer programs and numeric solutions. 
Methods for calculating wave forces include, for 
instance, Morrison’s equation, diffraction theory 
and Froude-Krylov forces.’"^ Calculations for 
traditional fixed offshore constructions will over¬ 
estimate the forces for a pre-stressed cage farm 
floating on the surface and following the sea. 

Compared with currents, waves apply dynamic 
forces to the construction. Use of Morrison’s equa¬ 
tion can illustrate this. Morrison’s equation has two 
additional terms, one for the velocity of the water 
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particle in the wave and one for the acceleration of 
the water particle:'*" 

Pi = {C^+ ^)pyai + y2pCou\u\A 

where F. represents forces on the object in the x, 
y or z direction, p density of the liquid, A area of 
the object, mass coefficient, drag coeffi¬ 
cient, fl. water particle acceleration in direction i, 
M. water particle velocity in direction i, and V 
volume of the object. Without going deeper into 
this equation, it shows that in addition to the 
drag term, as there was for current forces, there is 
a mass force term that is proportional to the 
acceleration. The total force is the sum of these 
two forces. 

Wave forces are dynamic, which means that they 
come again and again. This will result in reduced 
loads being tolerated by structures before breakage 
occurs. Experiments have shown that a cage may 
tolerate a dynamic load that is only 10% of one 
single static load.^ Waves impose additional forces 
on the mooring system. On normal, partly protected 
offshore sites, the wave forces will be much lower 
than the current forces. Usually waves add up to 
20-30% to the current forces, but this is of course 
site dependent. 

Because of the complexity of calculating wave 
forces and measuring water particle velocity and 
acceleration, this will not be further described here. 
Specialized literature is recommended, as men¬ 
tioned earlier. 


20.6.4 Calculation of wind forces 

Since such a small part of a cage farm is above 
the water surface where the wind is blowing, the 
forces transferred to the cage and further to the 
mooring system will be very low compared to 
the forces from the current. To calculate the forces 
on the jumping net the following equation may 
be used:'*^ 

= VipU^juAn 

where p represents density of air, U wind velocity, p 
drag coefficient, A effective area of the jumping net 
and n protection factor (e.g. distance from other 
jumping nets). The wind forces will be considerably 
higher if, for instance, a feed barge is moored 
together with the cages. 


20.7 Calculation of the size of the 
mooring system 

20.7.1 Mooring analysis 

A calculation of the size of a mooring system must 
include a performance analysis under extreme con¬ 
ditions,*" for instance for an intact mooring system, 
with a break in one of the mooring lines and with an 
increase in the water level compared to normal 
due to a storm tide of Im (requirements in the 
Norwegian standard for cages).*'* The analysis must 
show that the mooring system will withstand such 
situations without breakdown. 

What is happening when the environmental 
forces affect a pre-stressed moored sea cage farm? 
A total environmental force (F) will try to move the 
cages out of their original position. In all mooring 
lines on the side where the force F is acting there 
will be additional tension, and a corresponding 
reduction in the lines on the opposite side. 
Depending on the degree of pre-stress and the elas¬ 
ticity of the lines, there will be a drift away from the 
equilibrium position caused by the acting forces, 
but the farm will not drift freely. The mooring lines 
will gradually create an opposing force towards F 
that prevents the cage farm drifting freely. A new 
equilibrium position will be established where 
forces from the mooring lines are opposite and 
equal to the forces created by the environmental 
factors. The tension in the mooring lines on the side 
where the environmental forces are acting is now 
much higher than when the cages were in their orig¬ 
inal positions; there might also be slack in lines on 
the opposite side. 

If there are waves, additional dynamic forces will 
be imposed on the farm and it will oscillate around 
the equilibrium position as long as the mooring 
system does not break. The maximum load in the 
mooring lines will therefore be higher than from 
the static current force. 

If there is a break in one of the mooring lines 
due to unforeseen circumstances, the farm will 
drift into a new equilibrium position. This move¬ 
ment will be determined by the tension in the bro¬ 
ken line, the weight of the farm and the resistance 
against movement from the net bag and cage col¬ 
lars. When the farm is drifting and needs to be 
stopped, it is important that the tension in the 
remaining lines does not exceed their breaking 
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Figure 20.27 Environmental forces 
will affect the forces in the mooring 
system. 


strength. If this happens other lines will break and 
most probably this will result in progressive 
breaking of all the remaining mooring lines so 
the cages will drift freely. If one mooring line to 
a cage breaks, there is also the possibility that 
the cage will crash into another cage or fixed 
construction such as the walkway whilst drifting 
towards its new equilibrium position. This may 
cause a material break in the cage collar, for 
instance. When doing mooring calculations a 
break in one of the mooring lines will normally be 
tolerated, but progressive breaking must not occur 
in such situations. 

Because of the complexity in calculating the 
environmental forces on cages (pontoons) and net 
bags/net panels, which includes both static and 
dynamic forces (waves), computer programs are 
used. These also take into consideration deflection 
of net bags and interaction with other cages/ 
bags. A number of programs are available for this 
purpose, some more specially developed for 
calculation of forces on sea cages, for instance 
AquaSim.^'* Such programs are always utilized for 
dimensioning of components in cages and perform¬ 
ing mooring analysis. 

20.7.2 Calculation of sizes for mooring lines 

There will always be some inaccuracy when 
describing and calculating the environmental 


loads affecting cage farms, for example the cur¬ 
rent velocity or wave height varies and might be 
slightly higher than expected. A load factor is 
recommended to compensate for the possible 
inaccuracy. Normally the load factors are between 
I and 1.5 depending on the uncertainty in the 
calculations of environmental loads. A load factor 
of 1.5 means that the environmental loads can be 
up to 50% more than those calculated and the 
mooring will still hold. The total force that is used 
in further calculations is then; 

where represents total force, calculated envi¬ 
ronmental forces and 7 ; load factor. In the new 
Norwegian standard for mooring analysis, the 
standard load factor is set at 1.15 for unmanned 
farms and 1.3 for continuously manned farms 
when doing static analysis, i.e. the safety factor is 
larger.^'* 

The breaking strength of the different types of 
mooring line is also given with some accuracy by 
the suppliers and is based on a number of measure¬ 
ments. To compensate for possible inaccuracy 
when testing the material, and minor variations in 
the materials, it is recommended that a material 
factor ( 7 _^) be used. However, will this vary with the 
material and the degree of testing of the material 
that has been performed. Normally it lies between 
1.1 and 5. To find the size of the mooring lines 
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necessary this must be taken into consideration, 
which gives the following equation: 

FK = Fjr^ 

where represents mooring forces (the force that 
the mooring lines shall tolerate), calculated total 
forces including load factor, and 7 ^ material factor. 
The following material factors are used in the 
Norwegian standard for cage farms:^** chain, 1.5; syn¬ 
thetic rope with knot, 5.0; synthetic rope, 3.0; syn¬ 
thetic rope especially resistant to ageing, wave and 
water absorption, 1.5. 

Example 

To show how a mooring analysis can be performed, 
an example is shown where the mooring line, buoy 
and anchor are to be dimensioned (Fig. 20.27). On a 
cage farm the calculated environmental force that an 
anchoring line must take up is It or approximately 
10 kN. The length and type of mooring line, buoy 
type and size, and anchor type and size should be 
found to keep the farm in position. The depth of the 
site is 30 m and the bottom is sand. Current velocity 
is set to 0.2 m/s. 

First the design of the mooring system must be 
found. Choose to have the buoys 15 m away from the 
cage collar. The mooring line is set to three times the 
depth, and becomes 90 m. The total length of the 
mooring line is therefore 90+ 15 = 105 m. The forces 
on the buoys can then be found. First, the angle that 
the mooring line has from the bottom and to the sur¬ 
face must be found: 

sina= 30/90= 19.47° 

Then calculate the force in the direction x on the 
mooring line: 

cosa= 10 /x 

x = 10 /cosa= 10.61 

The mooring line must therefore tolerate a force of 
10.61 kN. 

Calculate the force in the y direction: 

An.a=ylx 

7 = sin ax = 3.54 

The buoy will be dragged down with a force of 
3.54 kN. 

Now the buoy can be described. The requirement 
for buoyancy is set to twice the force F in the moor¬ 


ing line, which is 7.08 kN. Archimedes law is used to 
calculate the buoyancy, where F represents buoy¬ 
ancy, density of the displaced liquid, g acceleration 
due to gravity and V displaced volume; the density of 
sea water (pj is 1025 kg/m^. 

F = P^gV 

V = Flp^g 

V = 7080/(1025x9.81)= 0.70 

This means that the buoy needs a volume of 700 F or 
more to stay in the correct position on the surface. In 
addition the buoy must have buoyancy that covers its 
own weight; this depends on buoy type and is given 
by the supplier. 

The next step is to calculate the size of the anchor. 
A block anchor is chosen. First, the size to withstand 
the vertical lifting force (y) is calculated: 

7=3.54kN 

Choose a concrete block anchor with density f^ of 
2500 kg/m^. The weight of the anchor (G) is given by: 

G = mg = pfVg 

where m represents mass of anchor, V volume of 
anchor, g acceleration due to gravity and p^ density 
of concrete. 

The buoyancy (FJ that will lift the anchor is, from 
Archimedes law: 

Fo = P^Vg 

where p^ represents density of sea water. 

The following equation may be used to find the 
necessary volume of the block anchor (y): 

y=G-F, 

y=pcg-pJ'g 

y=yg{p.-p.) 
v = —-— 

g(Pc-p^) 


~ 9.81(2500 - 1025) 

1^ = 0.245 m' 

V = 245F 

The horizontal force is calculated using a friction 
coefficient of 0.5 for the sand bottom. The horizon¬ 
tal force (F) that will try to move the anchor is 
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10 kN, while the weight G will keep the anchor in 
place. In addition, the buoyancy of the anchor 
will have effect, because it will reduce the weight 
compared to when it is on shore. The following 
equation can be set up: 

F = f[G-F,) 

F = fVg{p,-p^) 


fg{p.-p.) 

10 000 

“ 0.5 X 9.81(2500 - 1025) 

F = 1.382 m" 

where f represents friction coefficient for the block 
anchor. Therefore the volume of the block anchor 
must exceed 1.382m^ or the mass be above 3.461. In 
practice two or three anchors will be used. 

20.8 Control of mooring systems 

After setting out the mooring system, it is important 
to do necessary checks to avoid breakages. Insurance 
companies will normally require some type of check 
of the mooring system. There may also be national 
standards to prevent breakage and possible escape 
of fish. For instance the following may be used: 

• The supplier’s specification must be used to set 
out the cage. 

• Parts in the mooring system above the surface 
must be checked daily. 

• The whole mooring system including underwater 
installations must be checked every year. 

Sometime after the mooring system was first set 
out, a more comprehensive and systematic check 
should be carried out, for instance every 4 years. 
This includes load tests on important and heavily 
loaded parts. Components exposed to hard wear 
should be replaced, such as mooring ropes, chain, 
wire, fixing points and eventually links. 
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Feeding Systems 


21.1 Introduction 

21.1.1 Why use automatic feeding systems? 

Feeding can be done by hand or by automatic 
feeders or feeding systems. The time spent feeding 
can be considerable on large farms with intensive 
production, and can justify the investment in a 
system for automatic feeding. For instance, the daily 
requirement of feed for a rainbow trout farm with a 
standing biomass of 1001 of 100-g fish is at least 
3500 kg per day with a water temperature of 16°C. 

For intensive fry production, several species require 
an almost continuous supply of food, especially in the 
first feeding stage.This requires a tremendous amount 
of work, and is therefore normally done by automatic 
feeders. Feeding systems are of most interest for 
intensive aquaculture systems because of the impor¬ 
tance of getting as much feed as possible into the fish. 

21.1.2 What can be automated? 

How easy it is to automate the feeding depends 
on the feed type used.^“^ Dry, extruded or pelleted 
feed is quite easy to deal with; the particles are fixed 
and hard. Wet feed or moist feed is rather more 
difficult to feed automatically. To find good systems 
for distribution of dense particles is also difficult. 
Wet feed may be fed through pump systems, but 
here it is difficult to obviate the possibilities for 
over-feeding; possible environmental impacts are 
also much higher with this type of feed. 

Aquaculture Engineering, Second Edition. Odd-Ivar Lekang. 
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The size and shape of the dry particles will also 
influence the feasibility of feeding automatically; 
small feed particles, for example for marine or 
freshwater fry, might be a problem. If the feed is 
like meal, it might be difficult to get it through the 
feed dispenser; it might clog inside the hopper, and 
the sliding angle is very high. 

21.1.3 Selection of feeding system 

Today is it normal to use automatic feeding systems 
in all types of intensive fish farming. Which type of 
automatic feeding system to choose, however, 
depends on a number of factors of which the most 
important are feed type, production species, 
production type, production size and access to 
electricity. 

A feeding system could range all the way from a 
simple dispenser with no need for electricity to an 
advanced computerized feeding system which con¬ 
trols feeding on the basis of the appetite of the fish. 

21.1.4 Feeding system requirements 

The requirements for the feeding system depend 
on the chosen type. In the following, some general 
claims especially adapted to dry feed are 
presented; 

• Simple operation 

• Low maintenance 

• Tolerate wind and sea (offshore farms) 
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• Tolerate high humidity 

• Simple to fill with feed 

• Simple calibration (to control the amount 
dispensed) 

• High dispersion accuracy 

• Cause few breakages. 

A number of more general engineering subjects 
are of interest for increasing the basic knowledge 
of automatic feeding, for instance solids handling, 
solid conveying and bulk solids handling.'*^ 

21.2 Types of feeding equipment 

Feeding equipment can be divided into groups 
based on its construction and function. One 
classification is as follows: 

• Feed blowers 

• Feed dispensers 

• Demand feeders 

• Automatic feeders, feed machines 

• Feeding systems. 

This specifically concerns the dry feed that is most 
commonly used in intensive fish farming. For wet 
and moist feed other separations can be made, 
but only a few methods are used for this type of 
feed. Feeding equipment for wet and moist feed 
will not be dealt with here. 

21.2.1 Feed blowers 

A feed blower is only a tool to simplify hand 
feeding (Fig. 21.1). There are different blower types 
based on the ‘carrier’ used for the feed particles, 
which is normally either air or water. The feed can 
either be sucked up from a tank or a bag by vacuum, 
or the feed can be placed into a hopper standing 
over a pipe with a flow of air or water. The hopper 
can be fixed on a boat or be movable. 

21.2.2 Feed dispensers 

A feed dispenser is often confused with a feeding 
machine, but does not have the distribution unit. 
It is therefore something between a feed machine 
and hand feeding. A weighed portion of feed is 
placed on the dispenser and the dispenser will 
empty it during a fixed period, normally 1-3 days. It 
either runs continuously or is controlled stepwise 


by a control unit. To obtain the desired feed ration, 
the actual amount of feed must be put in the 
dispenser. This is normally weighed out. 

A great advantage with the feed dispenser is its 
simple and robust construction. It is also easy to 
monitor visually whenever it is functioning and the 
amount of feed that has been dispensed. The con¬ 
struction is favourable to use in research operations 
because if the feed is weighed out exactly, it is cer¬ 
tain that the dispenser will supply the exact amount 
to the fish. The great disadvantage, compared to a 
feeding machine, is that it takes quite a long time 
to measure and/or weigh the feed that should be 
placed in the dispenser. 

Several designs of feed dispenser are used 
(Fig. 21.2). In a disc feeder a scraper rotates on a 
horizontally fixed circular plate, and the feed falls 
off the edge of the plate and into the fish tank. A 
disc dispenser needs electricity to run the motor, 
normally 24V a.c. The feeder normally goes step¬ 
wise, controlled by a unit that regulates the start 
and stop intervals. Another much used construction 
is a rubber conveyor belt that is dragged along on 
rollers. When starting, the belt is dragged backwards 
so it creates a surface where feed is supplied. The 
end of the belt is fixed to rollers; when these rotate 
the belt will be dragged up and the surface where 
the feed is lying will gradually be decreased so that 
the feed falls off and into the fish tank. This type is 
powered either by electricity or by clockwork. An 
advantage with this type of feed dispenser is the 
possibility of running it without electricity. Feed is 
either dispensed continuously or stepwise. 

21.2.3 Demand feeders 

A demand feeder is normally a mechanical con¬ 
struction. A stick is attached to a slightly bowed 
plate sitting under a feed hopper (Fig. 21.3). The 
stick goes from the feeder down into the water. 
When the fish touch the stick, feed will be dispensed 
from the hopper. At the end of the stick is a knob, or 
something similar, which the fish touch. A great 
advantage with using demand feeders is that there 
is no need for an electricity supply. Furthermore, 
the design is simple with few movable parts. 

The fish operate the demand feeder themselves, 
and can therefore theoretically be fed according to 
appetite {ad libitum). However, some feed loss has 
been registered. The fish may use the demand stick 
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Figure 21.1 A feed blower being 
used to simplify hand feeding. 


as a toy and feed may be lost; demand feeders are 
also sensitive to movements in the water, such as 
waves; wind may also affect the demand feeder so 
shielding may be included. 

Demand feeders are used for almost all 
species, even if some species, such as Atlantic 
salmon, are slow to learn the system. The fish need 
a training period to learn how to operate the sys¬ 
tem.^ Compared with hand feeding, both improved 
and less good growth results have been shown.’ 

In electronic demand feeders feeding is trig¬ 
gered by electric signals. The mechanical stick is 


replaced by an electric cable with a pressure 
sensor at the end. When the fish touch this sensor 
a signal is sent to start the feeder. This system 
allows extra control over demand feeding, for 
instance by setting a fixed interval for the opera¬ 
tion of the feeder or by setting a maximum limit 
of distributed feed per portion or per day. However, 
a more advanced control system is required in this 
type of feeder. 

Much literature is available on the use of demand 
feeders, including the possibility for controlling 
the appetite of the fish experimentally.^’’ 
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Figure 21.2 Typical feed dispensers: (A) disc feeder and (B) conveyor belt feeder. 



Figure 21.3 The fish operate a demand feeder when 
they move the stick hanging down in the water. 

21.2.4 Automatic feeders 

A feeding machine or an automatic feeder 
consists of four major components (Fig. 21.4): a 
feed container (hopper), a mechanism for feed dis¬ 
tribution, an electrical power supply for the distri¬ 
bution mechanism and a control unit for starting 



Figure 21.4 An automatic feeder consisting of a feed 
container (hopper), a mechanism for feed distribution, an 
electrical power supply and a control unit. 

and stopping the distribution mechanism. The feed 
distribution mechanism is the main component in 
an automatic feeder and distinguishes it from a 
feed dispenser. The feeders are fixed in a rack on 
the tank or on the cage, but may also be included 
in a buoy (see, for example, ref. 13). When using an 
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automatic feeder, the amount of feed that has to be 
distributed over a period of time is known and the 
distribution unit runs for the period that satisfies 
this requirement. 

Feed is distributed by volume. In specially designed 
and more expensive feeders, the systems may also 
use feed mass. When using volume for distribution, 
the volume/mass ratio (L/kg), i.e. the density, of the 
feed must be known. The density of the feed varies 
with formulation, from producer to producer, and 
also depends on the size of the feed particles. Because 
volume distribution feeders only distribute a cer¬ 
tain volume of feed, and the mass of the feed is of 
interest, calibration of the feeders is necessary. To 
calibrate the feeder, it is run for a known time 
period; then the exact amount of feed that has been 
dispensed is weighed so that the feed distributed 
per unit time can be calculated. This information is 
then used to find the necessary time that the feeder 
has to run to distribute a certain mass of feed. 

Example 

A fish tank requires 3 kg feed per day. Eor how long 
must the feeder be run to deliver this amount? 


Eirst, the amount of feed delivered from the 
feeder per unit time must be found. The feeder is 
run continuously for 1 min and the amount of feed 
delivered is weighed and found to be 1 kg. The 
feeder is therefore delivering 1 kg/min; to deliver 
3 kg to the fish tank, the feeder must be run for a 
total of 3 min per day. If the feeder starts every 
30 min throughout the day and night, it starts 48 times 
in total. Each time it must therefore run for 3 min 
(=180s)/48 = 3.75s. 

Distribution mechanisms 

Many mechanisms for feed distribution are 
available.^’^'^’^^ Some important types are described 
below. 

Screw. A screw allows a specific batch of feed to be 
dispensed for every rotation (Fig. 21.5).The screw is 
installed under a hopper from which it is filled. 
The amount dispensed per unit time is related to 
screw diameter, design of the screw (rise of the 
screw thread), the speed of rotation, the degree of 
filling and the angle of the screw. 


(A) 


Hopper 


(B) 

Hopper 



Hopper 




Hopper 



Figure 21.5 Different types of feed 
distribution mechanisms: (A) screw feeder; 
(B) vibrating feeder; (C) ceii wheel feeder; 
(D) rotating beit feeder. 
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Vibrator. A plate that vibrates may be used to 
distribute a volume of feed. When the almost hori¬ 
zontally fixed plate starts to vibrate the feed on the 
plate will fall over the edge. One method of provid¬ 
ing vibration is to attach a weight to one side of a 
vertically fixed shaft that rotates. When the shaft 
rotates there will be imbalance in the shaft and in 
the plate fixed to it. Another method is to use an 
electromagnet with an anchor fixed by a leaf or coil 
spring. When the electricity is turned on, the anchor 
is dragged towards the magnet by a varying mag¬ 
netic field, making the whole vibrator shake; a slope 
on the feeding plate causes the feed to be shaken 
over the edge. Advantages of the electromagnetic 
vibrator are its simple construction and that it 
stops immediately the electricity is turned off. The 
amount of feed distributed is controlled by adjust¬ 
ing the voltage and hence the amplitude of the 
vibrator. 

Cell wheel: A vertically installed rotating wheel 
with wings, cells or chambers sitting under a feed 
hopper may also be used to distribute feed 
(Fig. 21.5). When the wheel rotates it transports the 
feed in the cells; when the cells approach the lowest 
position, the feed is released. The amount of feed 
released depends on the number of chambers in the 
wheel and the speed of rotation. The leaf dispenser 
and drawer dispenser are similar in principle to the 
cell wheel. 

Others: A number of other mechanisms might be 
used for feed distribution, of which a rotating 
disc with a scraper at the bottom of a cylindrical 
hopper is one. When the disc rotates feed will be 
distributed with the help of the scraper fixed to 
the hopper. This system must not be confused 
with the disc dispenser which has no hopper. The 
distance between the rotating disc and the feed 
hopper regulates the amount of feed that is dis¬ 
tributed. Use of a conveyor belt system is another 
method for feed distribution; the rotating belt is 
placed under the feed container and a distribu¬ 
tion bar regulates the thickness of the feed layer 
on the belt and by this the amount of feed 
distributed. 

Another fairly new method used for distributing 
feed is a bowed screw with an open centre, actually 
a spring. The advantage with this arrangement is 
that the amount of feed dispensed does not depend 


so much on the level in the hopper because the 
screw is filled with feed from the side. 

For all methods the amount of distributed feed 
is, to various extents, dependent on the height of 
the feed in the hopper. When the hopper is full the 
pressure of feed is increased and more feed is 
distributed because the distribution mechanism is 
sited at the bottom of the hopper. 

If the feed particles are very small (as in meal), 
they may clog around the inlet to the distribution 
unit. This is a particular problem for particles that 
have a high sliding angle. In fish farming today, the 
particles are larger and the sliding angle is quite low, 
so this is normally not a problem. 

To achieve more exact dispensing and to avoid 
the chore of calibration, automatic weight control 
can be used as a supplement. However, this is quite 
expensive and has only been used in fish farming 
to a limited extent. However, this can be a solution 
if requirements for dispensing are very precise. 
Electronic weight cells (tension and pressure) have 
been used, especially in feeding systems. The princi¬ 
ple of weight cells is that they measure the tempo¬ 
rary deformation of the material, which is related to 
the weight of feed in them. When this system is used, 
a volume dispenser adds the feed, but is controlled 
by the weight cell, signals from which regulate the 
running time for the volume dispenser. 

Feed hopper 

Above the feeding mechanism is sited the feed 
container or hopper. Hopper size varies from some 
litres to several hundred litres, depending on the 
size of the fish to be fed. Hoppers are usually 
constructed of plastic or metal (aluminium) and 
must be designed in a way that gives easy access for 
refilling and ensures that all feed slides out easily. 

Spreading of feed 

On some feeders a unit for spreading of the feed 
is attached underneath the distribution mechanism. 
The purpose is to distribute the feed over a large 
part of the pond, tank or cage. Three spreading 
patterns are used; point feeding (no spreading 
mechanism), sector feeding and circle feeding^ 
(Fig. 21.6). The sector feeding system normally 
consists of a vertical rotating plate or brush. When 
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Cage 




for spreading 


Cage 




Figure 21.6 The feed can be spread 
in sectors of the cage, or in a circuiar 
pattern. 


this rotates the feed is spread out in a sector in 
the cage or the pond. A circle feeding technique 
employs a centrifugal scattering system. The feed 
particles drop down from the distribution unit and 
hit a horizontally placed rotating disc. Because 
of the centrifugal forces the feed is spread out in a 
circle. The spreading unit may be an integral part 
of the distribution system or it may be installed 
separately underneath the distribution unit. The 
velocity of the disc or plate determines the area of 
the sector or the circle where the feed is spread. 
However, a high velocity will increase the amount 
of breakage because the forces transferred from 
the spreading unit to the feed particles will increase. 

Control units 

The control unit manages the current to the motor on 
the dispensing system; this also controls the feeding. 
The simplest control unit sets the time interval 
between each meal and the running time, i.e. the 
length of each meal. Some control units are equipped 
with a photocell, which only permits feeding during 
daylight. In more advanced units a daily increase in 
the running time may be added related to the expected 
growth rate of the fish in the production unit. 

There may be an individual control unit for each 
feeder or the unit may control several feeders with 
the same feeding regime. There can also be one 


control unit with several channels, which means that 
it can control several feeders individually. The 
control unit can be a simple interval relay, where 
running time and time interval between each start are 
set (Fig. 21.7). Several relays may be set together in a 
multichannel control unit. The programmable logic 
controller (PTC) is a more advanced system carrying 
out the same tasks as a multichannel control unit. The 
input and output can be switched on or off, and it is 
quite easy to extend the system with more inputs and 
outputs. Each output channel can be programmed 
individually. In addition, input signals can also be 
used to control the output signal. For instance, the 
output can only be started when the input signal from 
a light sensor registers that it is daylight; this means 
that feeding is only permitted during daylight. 

A personal computer (PC) equipped with 
special ‘cards’ may also be used to control larger 
feeding systems. The PC can also collect data that 
can be used to control the feeding, such as water 
temperature and light intensity. PCs may also be 
used as a data logger to store, for instance, how 
much is fed every day. 

Electric current 

Both distribution and spreading mechanisms 
contain motors that normally need an external 
supply of power. This is normally electricity, either 
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Figure 21.7 A feeder control unit 
with a transformer and relay. 


from a central electric power station (alternating 
current) or from batteries (direct current). A clock¬ 
work mechanism may also be used on small feeders. 
Direct current motors normally require a supply of 
12 or 24V. Alternating current motors for feeders 
are either low voltage (12 or 24V) or normal volt¬ 
age (110 and 220V). The advantage with high volt¬ 
age is that thinner cabling is required and current 
loss in the cables is reduced, particularly when 
using long cables. The disadvantage is that normal 
voltage, high humidity and free water surfaces can 
be a dangerous combination. When using normal 
voltage it is therefore important to be careful 
when laying electric cables and ensure that the 
feeding system is correctly insulated and earthed 
to avoid jump sparks. Qualified professionals must 
perform such work. 

Normally the mains voltage is used as the electric¬ 
ity source. If low-voltage feeding systems are to be 
connected, the use of a transformer is necessary. If 
direct current is to be used, a rectifier is also needed. 

If there is no electricity supply, for instance on a 
sea cage, either batteries or a diesel-powered elec¬ 
trical generator must be used. Use of batteries 
requires direct current motors on the feeder. In 
these cases the battery must be taken out regularly 
for recharging; solar panels or windmills may also 
be used to charge batteries. 

Direct current motors used on feeders have the 
advantage that the speed of rotation of the motor 


can easily be regulated. By adding a variable 
resistance, the size of the incoming current that is 
running the motor will be regulated. Regulation 
of the speed of rotation will control the amount of 
feed coming from the feeders. 

The motor output should be matched to 
the forces required to run the distribution unit. 
Motors that are too powerful can result in more 
breakage of feed and are not recommended. The 
main reason for adding a larger motor is to avoid 
wedging so that the system is more reliable. 
However, care should be taken regarding the pos¬ 
sibility of breakage when feeders are equipped 
with large motors. 

21.2.5 Feeding systems 

The term ‘feeding system’ refers to a complete 
system that takes the feed directly from the feed 
silo or hopper, transports it to the fish production 
unit, and at the end distributes it to the fish. A com¬ 
plete feeding system may comprise three parts: a 
storage unit, a transport unit and a feed distribu¬ 
tion unit. Today feeding systems can be divided 
into two types: 

(1) Systems where the feeder is centrally placed 
and feed is transported to the single fish pro¬ 
duction units (tanks, ponds or cages) through 
pipes, normally known as feeding systems. 
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Figure 21.8 A feeding system used on a fish farm: (A) 
the compiete system; (B) components in the system; (C) 
siuice vaive taking the feed from the feed siio into the pipe 
for further air transport; and (D) the selector vaive used for 
sending the feed to the correct production unit, Di using a 
revolver principle and Dii using a one row principle. 


(2) Systems where the feeder is installed on a rail 
system that covers several units, normally called 
feeding robots. 

Central feeding system 

A central feeding system consists of storage silos, 
a sluice valve, tubes with a flow of water or air for 


transporting of feed, a selector valve, and eventually 
a distribution unit (Fig. 21.8). 

In this system the feed is delivered from the 
silo into an auger that delivers the feed particles 
into a hopper placed above a sluice valve. The sluice 
valve brings the feed particles from the hopper and 
into the pipes for further transport to the tanks or 
cages. To transport the feed particles, water or air is 
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used as a medium and the sluice valve therefore 
also provides an air or water lock between the 
hopper and the transport medium; the sluice valve 
also represents the feed distribution unit. 

Regardless of whether air or water is used as 
a transport medium, the velocity in the tubes is 
such that the feed particles will always stay in 
suspension. A blower or a pump ensures adequate 
velocity inside the tubes. During the past few years, 
air has become the major transport medium. After 
being transported for a short distance in the pipes 
(some metres) the feed enters the selector valve 
which determines the production unit to which the 
feed portion is sent. There are several designs of 
selector valve; normally a rotating or a horizontal 
moving selector is used. 

After the selector valve the feed is transported to 
the production unit through tubes. In sea cages the 
tubes may be up to several hundred metres in length. 
The silos and selector valve may be placed onshore 
or on a barge. If the system is for large cages, a unit 
for spreading the feed may also be included. 

Correct design and use of the feeding system is 
important to avoid feed breakage and dust produc¬ 
tion. Important factors are air temperature, pick-up 
velocity, material in the pipes, design and use of 
the selector valve and pipeline routings. 

A centrally placed computer controls this type of 
feeding system. The amount of feed to the different 
units can be set as fixed or be created automatically. 
Addition of the initial weight, water temperature, 
expected growth and mortality to the computation 
ensures correct feeding. The computer also stores 
the inputs and is an important tool for production 
planning and production control. 

Central feeding systems are also available for 
automatic feeding of moist feed. 

A new trend is to install remote control of central 
feeding systems with video cameras controlling appe¬ 
tite in individual sea cages. In such systems, the oper- 
aters can be based on land in a central control room 
and can direct feeding in several offshore fish farms. 

Feeding robots 

Put simply, a feeding robot is a feeder suspended 
from a rail system hanging above the fish tanks 
(Fig. 21.9). A motor to propel the feeder along the 
rail system is included. The rail system is laid over 
the production units and under the feed silos. The 



Figure 21.9 A feeding robot is simply a feeder sus¬ 
pended from a raii system hanging above the fish tanks. 

robot may have its docking station under the silos 
where it enters for automatic refilling with feed 
when the hopper on the feeder is empty. As the 
robot moves along the rail, it hits a chip attached 
to the rail over each tank, and based on information 
in the on-board computer the robot recognizes 
the tank. The computer is also programmed with 
the amount to be fed to each individual tank. 
When the robot hits the chip it will therefore feed 
the programmed amount of feed to the tank. After 
this it continues to the next tank, and so on. When 
the hopper on the robot is empty it automatically 
goes back to the silos for refilling. Several individ¬ 
ual feeders can be attached to the same robot, so 
that it can deliver several feed sizes in the same 
operation. The electricity supply to the feeder and 
the motor may be an integrated part of the rail 
system, or it can be a battery which is recharged in 
the docking station. The great advantage with this 
system is that the same feeding mechanism can be 
used for feeding of several tanks. More investment 
in such units allows them to be designed to feed 
more accurately. Accuracy can also be improved by 
using double dispensers (multistage). 

21.3 Feed control 

The appetite of the fish is affected by external 
factors, such as variation in water temperature. 
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Figure 21.10 By using an airlift pump the feed loss 
on the bottom of the cage is coilected and brought to the 
surface and into a tray where it can be seen. The system 
can aiso be used for collecting dead fish. 


water quality, waves (in cages) and light conditions. 
With normal feed control the amount of feed 
distributed during a given period is fixed, so no 
control of distribution is possible if there is varia¬ 
tion in fish appetite. This requires one of two 
solutions: the use of restrictive feeding with no feed 
loss (essentially under-feeding)or acceptance of a 
certain amount of feed loss, which is expensive and 
damaging to the environment. 

Hand feeding is an old-fashioned system for 
regulating feed supply. The person who is feeding 
observes the appetite of the fish visually, and in 
this way regulates the amount of feed supplied 
according to fish appetite. One way to improve feed 
control and utilization of feed is to use a feeder 
for basic feeding and hand feeding for topping up; 
this, however, requires manpower. Based on this, 
systems have been developed for automatic feed 
control which are of special interest in production 
units where large amounts of feed are used, such 
as large sea cages. 


21.4 Feed control systems 

Feed control systems can be divided into manual 
and automatic systems. In tanks, manual systems 
are used. The dual drain system with a particle trap 
represents such a system (see Chapter 18). If this 
system is correctly designed, it is easy to observe 


any feed loss in the screen or separation unit for 
the particle outlet. When screening the total outlet 
water from each tank, the feed loss may also be 
observed. This, however, requires a large screen on 
each tank, which is more expensive. 

In sea cages a number of methods have been 
introduced. One manual method is to use a 
remotely operated submersible video camera 
under the cage and watch randomly for feed loss 
when the feeder is running. The operator may in 
such cases be seated in a control room. Another 
manual method is to use a stocking (a small net 
bag in the shape of a tube) in the lower part under 
the net bag. Here feed loss and dead fish are col¬ 
lected. An airlift pump brings the feed loss and 
dead fish to the surface and into a collecting 
bucket, where feed loss can be visually controlled 
and the daily feeding amount may be regulated 
(Fig. 21.10). Equipment to detect gathering behav¬ 
iour, such as infrared photoelectric sensors, has 
also been used to control feeding.^® 

Hydro-acoustic sensors, photocells, linear video 
and Doppler signals are all used for automatically 
measuring feed loss.^““^^ The sensor can be placed 
either under the cage or inside it to measure the 
feed loss over a sample area. The sensor sends a 
signal to the feed controller to stop when feed 
loss exceeds a certain level. In tanks ultrasonic 
devices have been used to control waste feed.^° 
A system observing gathering behaviour in rela¬ 
tion to feeding has also been used for automatic 
feed control. 


21.5 Dynamic feeding systems 

Dynamic feeding systems go even further and use 
the feed loss to control the amount of feed to be 
delivered. In one system a collector for feed loss is 
placed inside the cage.^® When feeding starts, the 
pump takes the collected food lost from the previ¬ 
ous feeding and pumps this through a pipe that 
delivers it to the top of the cage bag (Fig. 21.11). In 
this pipe circuit an infrared device detects eventu¬ 
ally uneaten feed. If there are no feed particles left, 
the feeder starts to add a new portion of feed. The 
same procedure happens when starting the next 
feeding. The system follows the appetite of the fish 
in a dynamic way, with increasing appetite increas¬ 
ing the amount of feed and decreasing appetite 
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Figure 21.11 In a dynamic feeding system feed is delivered according to the appetite of the fish. (Adapted from 
Skjervold.^® Reproduced with permission of CRC Press/Taylor & Francis Group.) 


decreasing the amount of feed. Such systems have 
no feed loss to the environment, and it is possible to 
get early warning of eventual abnormal behaviour 
of the fish. 
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22.1 Introduction 

Various forms of handling are necessary in all aqua¬ 
culture activities. In extensive farming the fish are 
handled very few times, but frequency increases 
when the farming becomes more intensive. There 
are several reasons for handling fish and other 
aquatic organisms. They are transported within or 
between farms, or from farms to slaughterhouse; 
examples include the transport of fry to on-growing 
farms, and adult fish from on-growing farms to 
slaughterhouse (see Chapter 23). The need for 
this type of transport, of course, depends on the 
production strategy of the farm; however, most is 
performed inside the farm area. Internal transport 
is performed for various reasons in connection with 
other handling activities, such as division of fish 
groups, size grading, weight sampling and vaccination. 
In this chapter a description of different methods and 
equipment for handling of aquatic organisms inside 
the farm is given, mainly for fish, although some 
of the methods and equipment may also be used 
on shellfish and other aquatic organisms. A brief 
description of the advantages and disadvantages of 
fish handling is also included. 

Independent of the handling procedures and 
equipment used, it is important that the operation 
is performed by trained personnel and in a way 
that minimizes the possibility for injury and stress 
to the fish. 

When deciding on fish handling systems, it is 
important to consider the entire operation starting 


from when the fish are moved from the production 
unit and ending when the fish have been returned to 
the production unit or are in the unit that transports 
the fish out of the farm. Several handling operations 
may be necessary throughout these processes. One 
example of a handling line for internal transport of 
fish on a farm with tanks could be: 

• Crowding in tank 

• Dip net for lifting fish out of the tank 

• Bucket for internal transport of the fish 

• Dip net for lifting fish from the bucket and into 
the new tank. 

It is important that the separate handling methods 
and equipment used in the handling line are compat¬ 
ible. The handling methods may also be an integral 
part of the farm construction,^ and therefore must 
be designed and the equipment selected before 
planning and building the farm. Use of the ‘alterna¬ 
tive models’ procedure, where various methods for 
performing the different handling operations are 
evaluated, can be an effective tool for selecting 
handling methods (see Chapter 27). 

22.2 The importance of fish handling 

22.2.1 Why move the fish? 

The amount of fish or shellfish that can be produced 
on a farm depends on the fish density in the pro¬ 
duction units. Land-based fish farms equipped for 
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Figure 22.1 To keep high average fish 
density in the production unit, frequent 
handiing is necessary. 


intensive farming require high investment per 
unit farming volume. Continuous high fish density 
is therefore necessary to attain good production 
economyf^ this will require frequent transport or 
reallocation of fish as they grow (Fig. 22.1). 

Flow often the fish must be moved is mainly decided 
by their growth rate, but input density and maximum 
allowed density in the production units are also 
important. An example can be used to illustrate this. 

Example 

On a farm for on-growing fish, the fish will not be 
moved during production (from input to delivery). 
Average stocking density is set at 45 kg/m?, and the 
maximum density to avoid growth reduction is set at 
lOOkg/m^. Calculations show that the input density 
cannot therefore exceed 2 kg/m^ (determined by 
exponential growth in kg/m?). This shows that poor 
utilization of the production units will result if the 
fish are not moved. The length of production depends 
on input size, harvesting size and specific growth 
rate (SGR) in relation to fish size (daily growth rate 
expressed as percentage of body weight). 

If higher average density is to be achieved, fre¬ 
quent moving of the fish is necessary, as illustrated 


by the following example. Maximum density must 
not exceed lOOkg/m^, and required average fish den¬ 
sity in the production units on the farm is 70 kg/m?. 
The SGR is set at 0.9. The intervals between the 
movements for dividing/splitting of the fish group 
are calculated to be 3-4 months. The table illustrates 
the interval between handling (months) in relation to 
SGR, input density, average density and maximum 
density where the input weight of the fish is 100 g and 
the harvesting weight 4 kg. This clearly shows that 
increased growth rate increases the need for 
handling. 


Fish density (kg/n?) 

Interval between handling 
(months) for different SGR 


Min 

Avg 

Max 

0.3 

0.5 0.7 

0.9 1.1 

1.3 

40 

70 

100 

10-11 

C.6 4-5 

3-4 C.3 

2-3 

40 

60 

80 

C.8 

C.5 3-4 

2-3 c. 2 

1-2 


22.2.2 Why size grade? 

In a fish group there are several reasons for size 
grading of fish. 
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Improved growth 

In a large group of fish in tanks or cages, there is 
individual variation in the growth rate. Some indi¬ 
viduals grow faster than others so differences in the 
individual weights of the fish in the group will 
develop over a period of time, even if all the fish in 
the group have exactly the same weight when the 
feeding period starts. This is a suboptimal situation 
for several reasons. 

An ordinary biological population will typically 
have a normal (Gaussian) distribution of weight 
resulting from genetic variation in growth rate. 
Under farming conditions with artificial feeding, this 
normal distribution may develop to form a hierarchy 
preventing smaller, less dominant individuals gaining 
access to feed. Because of this, the variation in size 
might become so large that the bigger fish will eat 
the smaller ones. How fast cannibalism develops in 
the population is species dependent. For instance, 
cannibalism will develop very rapidly if bass are not 
graded.^ The distribution in the fish group may 
develop from a normal distribution to a two-group 
distribution, with typical winners and losers; this may 
reduce the total growth in a fish group*’’ (Table 22.1). 

The coefficient of variation (CV) can be used to 
describe the weight variation in the fish group. The 
CV is the standard deviation (5) expressed as a 
percentage of the mean value 

CV=( J/X_jxl00 

If the mean weight of fish in a group is 2 kg and 
the standard deviation is 0.5 kg, the CV will be 
(0.5/2) X100 = 25%. In a fish group the CV varies 
with species, size, age and farming conditions. The 
CV in a fish group is related to the growth rate; 
faster development occurs with faster growth. For 
example, in salmon smolt production the CV can be 
up to 100%, while in on-growing production in sea 
water the CV is seldom above 30%. 

When size grading a fish group into several 
weight groups, the individual weight variation in 
each of the new groups will be less than in the start¬ 
ing group. When dividing a fish group into two, fish 
smaller than the mean size are put in one group and 
those that are larger in the other. When grading 
into three or four groups, the size variation in each 
group is of course even less. On a typical salmon 
smolt farm, between three and five gradings per 
year are normal.*’® For on-growing in cages, one 


grading is normally enough plus a possible grading 
in connection with harvesting. 

Production control 

To ensure good production control in an intensive 
drifted farm, it is necessary to maintain a small size 
variation, i.e. a low CV.’“ Production must be con¬ 
trolled to maintain a satisfactory growth rate on 
the farm in relation to budget. This requires regular 
weight sampling to ascertain average fish size in the 
group. In a tank or cage with tens of thousands of fish 
it is impossible to weigh all the fish individually, so 
only a sample of the fish is withdrawn for weight 
sampling; this sample must be representative of the 
whole group. However, this is difficult, especially if 
there is large size variation in the group. Several 
methods, including the use of monitoring instru¬ 
ments (see Chapter 24) can be used for this purpose. 

One manual method of weight sampling uses a 
dip net to take fish from a group, for instance a tank 
of juvenile fish.’’ Three samples of at least 50 fish 
each are taken from the total fish group in the pro¬ 
duction unit using the dip net. A requirement of 
this method is that the CV of the three samples 
shall vary by less than 2%, otherwise more samples 
are needed. The following example is used to illus¬ 
trate how this functions in a population with some 
size variation. 


Example 

Three samples taken from a large fish group in a tank 
of juvenile fish give the following results'. 


Sample 

1 

2 

3 

No. offish 

103 

107 

98 

Total weight (g) 

1102.3 

1155.6 

1009.4 

Average weight of 
each fish (g) 

10.5 

10.8 

10.3 


The average fish weight based on the average of the 
three samples is 10.53g. To simplify the calculations 
an equal number of fish between the samples is 
assumed. Between the three samples the standard 
deviation (8) is 0.252. This gives a CV of. 

(0.252 /10.53) X100 = 2.39% 
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This does not fulfil our requirements for a CV below 
2% and another sample needs to be taken. 

Sample 4: 102 fish of total weight 1071.0g, so 
average weight of each fish lO.SOg. 

New average weight = 10.525 g 
New standard deviation (S) = 0.206 
New CV= 1.96% 

This is satisfactory, below 2%. This shows the diffi¬ 
culties of taking representative weight samples from 
a fish group. It is not normally possible to obtain an 
acceptable CV without size grading the fish. 

Manual weight samples also include other 
sources for mistakes. Before taking out the fish for 
sampling it is important to mix them. Experience in 
tanks has shown that there is a tendency for the 
largest fish to be near the bottom; in cages the larg¬ 
est fish are always in the deepest layers when fish 
are collected for weight sampling (Fig. 22.2). 
Further, all the fish that have been withdrawn in 
the sample in the dip net must be weighed, not 
just the first individuals that are removed (see the 
following example). If the fish are small it is quite 
easy to get far more than 50 fish in the dip net. 

Example 

The results from the author’s experiment where the 
weight (g) of different fish withdrawn from a fish 
group collected in a deep net are shown. The results 


are given for the first 10 fish, the middle 10 fish and 
the last 10 fish withdrawn from a sample of 50 fish, 
for an ungraded and a graded fish group. 

Ungraded fish group 


Sample 

1 

2 

3 

Weight (g) 

First 10 

16.1 

15.7 

13.6 


Middle 10 

8.7 

12.2 

9.6 


Last 10 

5.2 

4.7 

4.5 


X 

mean 

9.99 

10.93 

9.31 

Total = 

10.10g, 5= 6.05, CV = 

--8.07% 


Graded fish group 




Sample 

1 

2 

3 

Weight (g) 

First 10 

38.4 

37.2 

37.3 


Middle 10 

38.1 

37.0 

40.2 


Fast 10 

32.1 

33.5 

33.7 


X 

mean 

36.92 

35.93 

37.07 


Total = 36.63g,5= 6.8, CV = 1.69% 

These results show that the largest fish are withdrawn 
first and the smallest at the end. 



Figure 22.2 If the large fish are not 
included In a weight sample, the wrong 
average weight of the fish group will be 
obtained. 
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Harvesting offish 

When a pond, tank or cage is to be harvested, it is 
a great advantage if the fish in it have been size 
graded. If not, the slaughterhouse must deal with 
several sizes of fish that must go to the consumer 
in different weight classes. It is also more difficult 
to estimate precisely the amount of fish in each 
weight class and therefore to achieve a good price. 
An example is given where the fish are ungraded 
(adapted from ref. 10). Another solution is to 
size grade in connection with harvesting and 
send the fish that are too small back to the pro¬ 
duction unit. 

Example 

A fish population with 10000 fish (n) is to be har¬ 
vested. The average fish size (x) is 4 kg and the 
standard deviation (5) is measured as 1 kg giving a 
CV of 25%. Eind the number of the different weight 
classes represented, and the assumed number in 
each weight class of 1 kg if the fish group distribu¬ 
tion is normal. 

In this case a normal distribution table can be used, 
from which the value of 8 is found to be 0.841. This 
means that 84.1 % of the fish have a weight less than 
X -H 5 (5 kg). 15.9% of the fish in the group must there¬ 
fore be larger than this, so of the 10000 fish, 1590 are 
over 5 kg. 

Similarly the number of fish under x-8 = 4-l =3kg 
can be calculated and is 1590. Therefore between 3 
and 5kg there are 10000-(1590 + 1590) = 6820 fish. 
These are equally divided between 3-4 kg and 4-5 kg 
weight classes, each of which comprise 3410 fish. 

Next the numbers of fish larger than 6 kg and 
smaller than 2 kg are calculated; this represents 
x-h25. Again the normal distribution table is used 
and 25=2 gives the value 0.977, meaning that 97.7% 
of the fish are smaller than 6 kg and larger than 2 kg, 
so 2.3% are larger than 6kg and 2.3% smaller than 
2kg. 2.3% of 10000=230 fish. Therefore there are 
1360 fish between 2 and 3 kg and also between 5 and 
6 kg. The numbers of fish below 1 kg and over 7 kg 
are very low (13 fish in each case) and can be 
ignored. 

As this shows, there are six different weight classes 
that have to be sent to the slaughterhouse. This makes 
management quite difficult. 


22.3 Negative effects of handling 
the fish 

Even if handling is necessary, especially in inten¬ 
sive farming, it includes a number of possible 
adverse effects. Before selecting handling routines 
and equipment, these must be taken into consider¬ 
ation. Handling creates a stress response in the fish, 
which may affect the production results negatively. 
When the fish become stressed, the primary and 
secondary effects will not normally be discovered 
unless special measurements of heart rate, oxygen 
consumption or blood characteristics (e.g. cortisol 
or glucose) are taken.The farmer normally 
registers the secondary or tertiary effects of stress 
manifested by reduced growth and reduced 
immune defence,which again may directly reduce 
productivity. 

It is also important to consider the possible stress 
response involved in pre-harvest handling. This may 
increase the consumption of glycogen stored in the 
muscle (part of the stress response). The results of 
this may be an earlier occurrence and a shorter 
duration of rigor mortis after slaughtering, which 
again will reduce the fish quality.^^ 

How much the fish is affected by handling is 
species dependent: some species are more tolerant 
of handling than others. Results also show that fish 
may adapt to handling procedures, and the stress 
responses will gradually be reduced. This can be 
seen, for example, when the fish tanks are washed. 
The first time the tanks are washed it is possible 
to measure a high stress response, but this will 
gradually decrease as the fish begin to tolerate this 
procedure. Breeding programmes may also be used 
to adapt the fish to more and more of the normal 
handling operations in fish farming.^^^^^ When start¬ 
ing to rear a new species, it is collected from natural 
wild stocks and put into farming conditions. The 
behaviour of such stocks differs from that of wild 
stocks that have been farmed and bred for genera¬ 
tions as is clearly seen when looking over the edge 
of the tanks containing farmed and wild stock; 
difference in behaviour is shown by the number of 
involuntary collisions between the fish and the 
tank walls. 

Fish may also suffer physical damage if handled 
too roughly. Tolerance here, of course, also depends 
on species and life stage. The fish may be wounded 
by rough handling, leading to fungal attack. It is 
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especially important to avoid physical damage in 
pre-slaughter handling because it may reduce the 
flesh quality and hence the price of the product. 

All handling includes some kind of human work, 
which requires time and creates costs. The total eco¬ 
nomic cost and possible negative effects of handling 
must therefore be compared to the positive effects 
handling will have on the production. For this 
reason it is very important to use effective handling 
procedures and handling lines that affect the fish as 
little as possible. 

22.4 Methods and equipment 
for internal transport 

Two different principles may be used to move fish 
inside the farm: 

(1) With a supply of energy 

(2) By the use of signals or stimuli to get the fish to 
move voluntarily. 

The first method is totally dominant, while the sec¬ 
ond is mainly the subject of research. The most 
common methods within each group are described 
below. For more information about integration of 
handling methods in farms see Chapter 26. 

22.4.1 Moving fish with a supply 
of external energy 

With supplied energy, the total internal transport 
process may again be divided into three phases: 

(1) Crowding of the fish inside the production unit 

(2) Vertical transport where the fish are lifted 
between the levels 

(3) Horizontal transport of the fish between the units. 

When moving the fish to a lower level no vertical 
transport is necessary; stored potential energy is 
used here as a source for the process. When moving 
fish between two equal levels, crowding can be used 
to force them to move. 

Crowding 

In almost all methods for vertical transport, crowd¬ 
ing of the fish in a restricted volume is necessary. 
However, too much crowding may result in unwanted 
stress (Fig. 22.3). During the crowding process fish 


behaviour should be observed; if odd behaviour 
occurs, further crowding must be avoided. Two 
methods are commonly used to crowd fish: 

(1) Reduction of water level (tanks, ponds) 

(2) Reduction of available volume (ponds, tanks 
and cages). 

If reduction in water level is to be used to crowd 
the fish, the outlet of the tank or pond must be 
designed in a way that makes drainage possible 
(see Chapter 18). If there is no drain, a drainage 
pump can be put inside the tank or pond, but this 
makes the handling operation more difficult. Lack 
of oxygen in the water may occur during this 
operation and supplementary oxygen may have 
to be supplied; the oxygen level must therefore 
be monitored. 

In cages, the net bag can be lifted to reduce the 
volume available to the fish, and through this crowd 
the fish. A seine net may also be used in ponds, large 
tanks or cages, but is less effective. In tanks, fixed 
or removable grids may be used to crowd the fish. 
A combination of collection grid and a decrease in 
water level can also be employed (Fig. 22.4). 

Vertical transport 

Dip net: The dip net is constructed with a round or 
rectangular frame with a net or tarpaulin bag inside 
(Fig. 22.5). Round frames are suitable for net bags 
used in cages, while rectangular frames are more 
suitable for use inside tanks. For a dry net, small 
mesh knotless netting should be used to avoid 
wounds. Plastic net has also been tried to reduce the 
possibilities for wounding.^* 

If a tarpaulin bag is used the fish will always be 
in water; this is also called a wet net. A hydraulic 
or mechanical crane must be used to operate a wet 
net because of the weight. A mechanism opens the 
bottom to empty the wet net of fish and water. 

Use of nets is labour-intensive, especially for han¬ 
dling larger fish. Normally, wet nets are between 
100 and 500 L capacity. Fish densities above 50-70% 
fish compared to water are normally avoided to 
reduce the possibility of wounding the fish. 

Pumps: A pump supplies energy to the water so it 
is either set under pressure or vacuum, which causes 
the water and hence the fish to move. The fish are 
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(B) 


Figure 22.3 (A) Fish that are 
overcrowded. (B) Crowding of fish 
in a sea cage by reduction of the 
volume. 



therefore in water throughout the entire handling 
operation. Several systems for pumping fish are 
available, including centrifugal, vacuum, ejector and 
airlift pumps; crucially these have an open construc¬ 
tion that does not injure the fish. 

Centrifugal pump: A centrifugal pump used for 
pumping fish utilizes the same principle as a 


centrifugal pump used for pumping water (see 
Chapter 2). However, to avoid injuring the fish it has 
an open impeller with large channels and no narrow 
passages (Fig. 22.6). Because of its construction, it is 
not commonly used on fish larger than 1 kg. If such 
a pump were to be made for 4-5 kg fish, the required 
dimensions of the impeller would be very large. It is 
normal to use submerged pumps or at least pumps 
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Figure 22.4 A grid can be used to 
crowd the fish. 


with a supply pressure. Fish pumps can be made 
self-sucking with special adaptors. The impeller may 
be driven by hydraulic pressure. This makes it quite 
easy to move the pump around in the farm area, 
because only the impeller unit is moved. The pump 


may also be driven directly via a shaft from an elec¬ 
tric motor. Centrifugal pumps are commonly used 
in both production farms and well boats; they have 
been used for many years in traditional fishery well 
boats, among others, for pumping herring. 
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Figure 22.6 A centrifugal pump for pump¬ 
ing fish. 


Vacuum-pressure pump: A vacuum-pressure 
pump consists of a tank to which inlet and outlet 
tubes are connected via valves (Fig. 22.7); a small 
pump is also attached. This pump can either pres¬ 
surize the larger tank or withdraw the air from it, 
causing a partial vacuum. The function of the pump 
is first to evacuate the tank, then the valve to the 
inlet pipe is opened and water and fish are sucked 
into the tank; after this the inlet valve is closed and 
the tank is pressurized; lastly the outlet valve is 
opened and the fish are forced out through the out¬ 
let tube. The operation is repeated, and a new batch 
is pumped through. 

The pump does not deliver water and fish 
continuously, because it operates in two phases: 
vacuum and pressure. However, two pumps can be 
used alternately to obtain more equal delivery of 
fish and water. A vacuum head of more than 5 mH^O 


is normally avoided to prevent injuries to the fish; 
use of less than 40% water relative to fish should 
also be avoided for the same reason. Here the man¬ 
ufacturer’s recommendations must be followed. 

Pumps of different sizes are required for handling 
small fish and harvesting large fish. The difference is 
the size of the tank, the pipes and the pump used to 
evacuate and pressurize the tank. Pumps are used 
on farms, in well boats and in slaughterhouses. 

Ejector pump: In an ejector pump, a high-velocity 
high-pressure part flow creates a region of low 
pressure (suck) in the larger main stream (Fig. 22.8). 
The fish travel with the water in the main stream. 
When the water flows past the ejector it will go 
from low to higher pressure. The pump can there¬ 
fore deliver fish in a continuous flow of water. The 
pump has no movable parts that can injure the fish. 
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Figure 22.7 A vacuum-pressure 
pump for pumping fish. 


A suction head that is too high must be avoided; it 
is better to take a larger part of the lifting head on 
the pressure side. When fish have already lost scales, 
as occurs to young salmon during smoltification, 
they can easily lose more scales in these pumps, 
especially if the ejector is badly adjusted. 


Different-sized ejectors are available, adjusted 
to fry and to on-growing fish. The smallest size is 
portable and easy to move around the farm. 
Harvesting of mussels has also been performed 
with this type of pump. Some pumps have ejectors 
at both ends of the pipes so it is possible to change 
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Compressor 





Figure 22.8 Airlift (top) and ejector (bottom) pumps for pumping fish. 











































312 


Aquaculture Engineering 


the flow direction; these are of interest on well 
boats for pumping fish in and out of the well. 

Airlift pump: An airlift pump can be used for 
pumping fish (Fig. 22.8). Air is added to create 
bubbles that rise to the surface through a vertical 
water-filled pipe suspended in the fish cage or 
tank. The bubbles cause drag on the water parti¬ 
cles near them and create an upward flow of water 
inside the pipe. This moves the fish that are in the 
water up through the pipe. The capacity and the 
lift height in such a pump depend on the depth 
of the water, at which depth the air is supplied and 
the amount of air supplied. If using airlift pumps 
for fish transport, there are always possibilities 
for supersaturation of the water with nitrogen 
gas. Because of the short fish retention time in 


the pump, this will not normally result in any 
problems, but if the fish stay in the water for a 
longer period, problems may occur. 

More generally, fish pumps can be used for differ¬ 
ent fish sizes from juvenile through to fish ready for 
harvesting. The difference is the size of the tubes or 
pipes. Pumps may also be used for harvesting shells 
and mussels from bottom culture, especially airlift 
and ejector pumps. 

It is very important that pumps are used according 
to the supplier’s recommendations. Several prob¬ 
lems have occurred when transporting fish due to 
incorrect pump use; examples include fish that have 
been cut by valves, eyes that come out because of 
incorrect pressure conditions, and scale loss; they all 
show the importance of correct pump use. Awareness 
of the correct suction head is especially important. 


Motor 




Figure 22.9 A fish screw used to 
move fish. 
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The great advantage of pumps over other han¬ 
dling methods is their large capacity. Today pumps 
are being used increasingly in intensive aquaculture 
as well as in slaughterhouses. 

Fish screw. The fish screw, or pescalator, is based on 
the Archimedes screw that was used for lifting water 
in ancient times (Fig. 22.9). A screw is fixed inside a 
pipe which has a belt around its circumference. The 
belt is further connected to a small electric motor; 
when the motor starts the belt will rotate as will the 
pipe and therefore the screw relative to it. This is not 
a traditional screw, because it is the pipe that rotates 
and the screw is fixed. Rotation of the pipe will 
result in lifting of water and the fish within it. The 
fish appear to be lying with water in small basins. 
Fish must be crowded around the inlet of the pipe 
for the screw to be filled with fish. Hence the screw 
may be placed in a well where the fish are automati¬ 
cally crowded. Another solution is to use a special 
perforated tank around the inlet, which again stands 
inside the fish basin or pond. A dip net may be used 
to lift the fish up and into a perforated tank. The lift 
height achieved depends on the length of the screw. 
To avoid damage to the fish it is recommended that 
the angle to the horizontal plane does not exceed 
40°. Usually the screw length is between 3 and 6 m, 
while the diameter of the pipe varies between 30 
and 45 cm. An area around the tank or pond where 
the screw is to be used is required, so that the screw 
can be repositioned. Such screws are commonly 
used in tanks with low water levels and in ponds. 

Transport tanks: The transport tank is specially 
designed with smooth surfaces and angles to avoid 
wounding the fish during transport (Fig. 22.10). The 
fish have first to be transferred from their ordinary 
production unit to the transport tank, for instance 
by use of a dip net or by pumping the fish, ft is 
necessary to have mechanical equipment, such as a 
forklift truck or a tractor with a front loader, to lift 
the transport tank because of its heavy load of water 
and fish. The fish can stay in the transport tank at 
quite a high density; it is not usual to add extra oxy¬ 
gen to the tank during internal transport on the 
farm. However, the period that the fish can stay in 
the tank without a supply of oxygen is limited. 

The size of tank selected depends on the size of 
the fish to be transported. Tanks of 300-800 L are 
normal. Fibreglass or aluminium are the usual con- 



Figure 22.10 A tank used for internal transport of fish. 


struction materials for transport tanks, and the 
design is very similar to that of tanks used for ordi¬ 
nary fish transport (Chapter 23), but smaller. Tanks 
for internal transport may therefore be used for 
transporting small numbers of fish from the farm 
(external transport). However, the tanks are not 
insulated like many of the long-distance transport 
tanks. To enable the fish to be tapped out of the 
transport tank there may be a hatch close to the 
bottom, which makes emptying of the tank quick 
and easy. The tank may also be used for vertical 
transport at the farm, being lifted with either a fork¬ 
lift truck or a tractor. 

If tanks are to be used for fish transport, quite a 
large transport area is required. This must be as level 
as possible, to prevent the tractor or forklift truck 
tilting when lifting the tank. Use of a transport tank 
to move juvenile fish is physically undemanding. The 
capacity of this internal transport method depends 
on the size of the tank, the fish density and the dura¬ 
tion. Fish density is species related; for example, over 
500 kg in 1000 L of water can easily result in lack of 
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Department for start feeding 



Figure 22.11 The farm may be 
terraced to utilize gravity for internal 
transport. 



Figure 22.12 A common tapping 
centre may be used for collecting fish 
from several tanks. 


oxygen. Transport of such high densities must there¬ 
fore only last for a short period of time. 

Horizontal transport between units 

Pipes are commonly used for internal transport of 
fish. The method is also often combined with pump¬ 
ing, for instance in cage farming. Here the pump 
transports the fish vertically and the horizontal 
transport is done through pipes. A certain excess 
pressure (head) is necessary for fish transport in 
pipes. If not using a pump to create this pressure, 
one possibility is to create a magazine of fish and 
water from which the fish can be tapped by gravity; 
alternatively, the pipe must slope downwards and 
use gravity. 

If there is a natural slope in the building area, a 
fish farm may be built in terraces with start feeding 
in the upper part and on-growing in the lower parts 
(Fig. 22.11). Fish transport can then be performed 
through pipes utilizing the natural slope. Another 
method is to use a common tapping centre to which 
tapping pipes from the fish tanks are connected. 
This can either be a common tapping pipe system or 
there can be individual pipes from the separate 
tanks. From the tapping centre, vertical transport 
can be performed by some of the methods men¬ 
tioned previously, for example a fish pump or a 
fish screw. It must be possible to reduce the water 
level in the tapping centre to crowd the fish before 


vertical transport (Fig. 22.12); this can, for instance, 
be used to transport the fish back to other tanks or 
to a grader. 

The same principle may also be applied in ponds, 
where the fish are tapped out to the harvesting tank. 
This requires the pond to be constructed to allow 
this, with a self-tapping pipe through the pond levee. 

When selecting the diameter of the tapping pipe, 
experiments have shown that it should be large 
enough to enable the fish to turn inside.^’ A dia¬ 
meter of at least half a fish length is a good start, but 
this will of course also be species dependent. The 
flow velocity inside the pipe must be sufficiently 
high that the fish understand it is not possible to 
fight against the water flow and will only be dragged 
along with the flow. If the velocity is too low the fish 
will fight against the water flow and be exposed to 
more stress. The correct velocity will depend on the 
species and its swimming performance; for salmo- 
nids an appropriate velocity in the pipe is three to 
four fish lengths per second^’ (Fig. 22.13). 

The capacity of the system depends on the velo¬ 
city of the water, the diameter of the pipe and the 
size of the fish; the distribution of fish through the 
pipe depends on the diameter of the pipe and the 
size of the fish. Normally, completely water filled 
pipes, such as from pumps, are recommended; 
otherwise quite large slopes on the pipes are neces¬ 
sary. If using partially filled pipes, after-flushing 
with additional water must be carried out to empty 
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Figure 22.13 Use of pipes for fish 
transport. 


the pipe completely of fish. If after-flushing is 
started before the pipes are empty of fish, a more 
even distribution of fish through the pipes will 
result. If the farm is constructed with a good system 
for tapping of fish, there is minimal requirement for 
human work to operate the handling system. The 
capacity is large both in total and per man-hour. 

One question may be raised regarding the use of 
a common tapping centre where pipes from several 
tanks are connected, because there is the possibility 
of transferring diseases between fish tanks through 
the pipes and the common tapping centre. When a 
farm is to be constructed or reconstructed, much 
effort must be put into the disinfection systems, 
drainage and insulation of single tanks, when a tap¬ 
ping centre is to be used. 

If the fish are to be tapped through pipelines, all 
the valves in the system must be of the ball or throt¬ 
tle type; with these valves the pipe diameter can be 
completely open through the total cross-section. 
This is important to avoid narrowing in the pipes 
and by this possible damage to the fish. 

22.4.2 Methods for moving fish without 
the need for external energy 

Today there are no commercial systems avail¬ 
able based only on voluntary movement of the fish. 
However, some experiments have been performed 
where the aim has been to move fish without 


supplying energy. If stress, wounds and labour 
are considered, such methods are, of course, of 
interest. 

To induce the fish to move voluntarily, they need 
a signal or a stimulus that tells them to move. This 
can either be a positive signal that will attract the 
fish or it can be a negative signal from which the fish 
will swim away. The fish may also be trained so that 
a signal gives a positive or negative response. The 
type of signal or stimuli that can be used depends 
on the species and age. Practical observation has 
shown that the fish will avoid areas with low oxygen 
levels. However, it is important that environmental 
conditions are varied in a positive and not a nega¬ 
tive way, which again may stress the fish. Flow of 
water is interpreted as a positive stimulus for spe¬ 
cies that naturally prefer to stay in a water flow, 
such as salmon. Here juvenile and on-growing fish 
will swim against the water flow while smolts will 
drift with the flow.^® One way to achieve voluntary 
transport is to equip the tanks with hatches, and 
have a channel where the fish can swim through and 
into the next tank (see Chapter 26). Water flow and 
light conditions can be manipulated to improve 
voluntary transport.^^-^” 

The addition of chemical substances to the water 
can be interpreted as a positive stimulus by the 
fish.^^ “ Experiments have shown that certain types 
of amino acids can attract fish^'* (Fig. 22.14). 
Manipulation of the light conditions may also have 
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Total reaction 
140 + 



Feed extract Alanine Leucine Giutamine Control 


Figure 22.14 Chemicals can be used to attract the fish. 


a positive effect on the voluntary movement of fish; 
dark zones may attract them.^^ 

The fish may also be trained to respond to a 
stimulus voluntarily. The simplest way is to teach 
the fish to associate a signal with a positive stimu¬ 
lus, i.e. to condition their behaviour. The Russian 
physiologist Pavlov demonstrated this with his 
famous dog trials: every time the dog was fed a 
bell rang and after a while the dog salivated in 
anticipation of food merely when it heard the bell 
ring. In fish farming, similar experiments have 
been carried out in connection with collecting 
fish.^®’^’ In the author’s experiments fish were 
trained to associate a flashing light with feeding^®-^^ 
(Fig. 22.15); after a period the fish crowded 
together around the flashing light, even if they 
were not fed. Similar principles have been used in 
the sea. Sound has been used as a signal when 
feeding fish in a cage. After a period of training 
the net bag was removed and the fish released;'"’ 
they could now swim and search for natural feed 
over a larger area. By making a sound again the 
fish crowded around the feeder and collection for 
harvesting was possible. In tanks a sound signal is 
difficult to use because of echoes from the walls 
that make it impossible for the fish to locate the 
sound source exactly. 

The main problem with voluntary transport is its 
effectiveness and the time needed when the fish are 
to be moved. Not all the fish respond to the chosen 
stimulus, which also represents a problem. 


22.5 Methods and equipment for size 
grading of fish 

Similar to the methods and equipment for internal 
transport, the size grading equipment may also be 
divided into systems that do and do not require 
addition of extra energy. It may not be necessary to 
supply energy to the grader, but the equipment may 
be of a design that requires potential energy; the 
fish must be lifted to a higher level before grading 
and sent from there into the grader. 

All size grading will stress the fish, even if there 
are variations from species to species. For this rea¬ 
son, it is important that the equipment used and 
methods employed are implemented correctly to 
minimize the stress response of the fish. Wounds 
may also occur as a result of incorrectly adjusted 
grading equipment. Therefore graders must be used 
according to the supplier’s recommendations. 

Several methods are used for grading of fish. 
Equipment can be separated into that needing a 
supply of energy and equipment where the fish 
voluntarily grade themselves. The first method is 
totally dominant. The effectiveness of the different 
methods is to some degree dependent on the spe¬ 
cies to be graded. The latter method is mainly used 
in research activities. A brief survey of the methods 
most used follows. 

22.5.1 Equipment for grading that requires 
an energy supply 

Methods where the fish are taken out 
of the water 

Manual. Fish can, of course, be size graded manu¬ 
ally. Each fish is placed on a table, visually graded 
by hand and sent to the different size classes. This 
method can be used to grade very small amounts of 
fish, but it is labour intensive. Therefore some types 
of automatic grader are used. 

Fish cradle: A grading cradle is simple in construc¬ 
tion and cheap to buy (Fig. 22.16). It is quite com¬ 
mon to use a cradle, especially for the first grading, 
or for small species. The same is the case for smaller 
farms or on more extensive drift farms that seldom 
grade their fish. A cradle is basically a box with ribs 
or bars in the bottom. When using a traditional 
cradle, fish of different sizes are crowded into the 
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Figure 22.15 (A-C) If fish are trained 
to associate feeding with a flashing 
light, they will come to the light when it 
is flashed. (C) A rig was developed for 
performing experiments that allowed 
the fish to move between tanks. 
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Figure 22.16 Using a fish cradie to grade fish. 



Figure 22.17 A tiit grader for grading fish. 


The smallest fish will fall through the bottom of the 
grading box under gravity. The bottom consists of a 
grid made of bars; the distance between the bars is 
adjustable. The box normally slides on a rail system, 
and when the small fish have fallen out the box is 
moved over a new tank using the rail system. Here 
the distance between the bars in the bottom of the 
box is increased and fish of a new determined size 
then fall through the grid. Afterwards the sliding 
box can be moved above yet another tank and the 
distance between the bars increased once more, so 
the largest fish will fall out. The equipment has 
low capacity and is only recommended for grading 
small fish. 


cradle which is placed inside the fish tank. The 
cradle is then lifted up and shaken. Small fish will 
now fall between the ribs in the bottom of the cra¬ 
dle and remain in the fish tank. The cradle contain¬ 
ing the larger fish is then lifted out of the tank and 
swung into another tank where the large fish are 
released. In relation to capacity the use of cradle for 
grading is labour intensive. A cradle that is lifted 
manually will impose large loads on the operator’s 
back. The advantage with using a cradle is that it is 
simple, inexpensive and does not require any addi¬ 
tional equipment. 

Grading box: A grading box is based on the same 
principle as the grading cradle. The fish are lifted 
out of the fish tank, for instance using a dip net, and 
poured into a box with a grading grid in the bottom. 


Tilt grader: A tilt grader is based on a similar prin¬ 
ciple. Fish are poured over a grid system, normally 
with two or more sections on top of each other 
(Fig. 22.17). The fish are poured into the middle 
section and the smallest fish fall through all the 
grids and into a tank below. Then the top grading 
grid, which has the largest distance between the 
bars, is tilted to one side and the largest fish will 
follow and fall into a tank. Then the grader tilts the 
intermediate grade to the other side and the 
medium-sized fish will fall into another tank. If a 
small amount of fish is being graded, the grid may 
be tilted manually. For larger fish and larger quanti¬ 
ties, hydraulic cylinders may be used to tilt the 
grids. This type of grader normally divides the fish 
into three size classes. It has quite low capacity and 
is also labour intensive. 
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Another method based on the same principle is 
also used on large fish. The fish are crowded into a 
grading box fixed to a sledge. When a reasonable 
number of fish have come into the box, hydraulic 
cylinders lift it. The smallest fish then fall through 
the grids in the bottom and down into the tank fixed 
below. When the sledge reaches the top of the rail 
system, the fish are dropped into different size 
groups separate from each other. In this system the 
vertical transport is part of the grader. 

Grading grids 

Design of a grading grid: There are a number of 
ways to design a grading grid, which may be placed 
horizontally or vertically. The grading grid can 
have either a fixed or variable distance between 
the bars. If the distance between the bars is fixed, 
separate sizes of grading grid must be available on 
the farm according to the size of the fish to be 
graded. To achieve a variable distance between the 
bars several methods are available (Fig. 22.18). 
One method is to set the bars in a frame where the 
two opposite sides can be displaced parallel to 
each other, so changing the distance between the 
ribs. The scissor principle may also be used. Here 
the separate bars are placed in the centre of a scis¬ 
sor construction; by opening this out, the distance 
between the bars is changed. It is also possible to 
place removable knots of various sizes between the 
single bars to obtain a grading grid with variable 
distances between the bars, but changing the spac¬ 
ing between the bars will require more time. 

The same bar construction may also be used in 
grading grids which are to be placed vertically in 
the water, in a net cage, pond or sea cage. The grid 
may either stay fixed in one place or dragged 
through the production unit as an integral part of 
the seine net. 

Distance between the bars: The distance between 
the grading bars determines the size of fish to be 
placed in the different classes. This size, or actually 
the thickness of the fish, is related to its weight. 
However, it is difficult to give exact values for the 
distances that should be used to grade out fixed 
sizes of fish. This of course varies with the species, 
because they have different body shapes. However, 
it also varies with the condition of the fish within 
the same species. A fish in good condition will be 
thicker than one in poor condition. Normally a fish 


is thickest just behind the gills, but this may vary 
from species to species. 

To obtain a rough estimate of the distance 
between the bars, salmonids can be taken as an 
example. A rough estimate says that the width of 
the fish, i.e. thickness (T), is around one-tenth the 
length of the fish. The condition factor of the fish 
(C) and the weight of the fish (W) in grams may 
also be used to estimate in mm (and hence the dis¬ 
tance between the bars). The following formula 
may be employed: 

c=(iTxioo)/r' 

T = CliWx 100)^” 

where T represents thickness of the fish (mm), C con¬ 
dition factor of the fish and W weight of the fish (g). 

Grading machines (graders): A number of princi¬ 
ples are used to determine the design of grading 
machines or grader. For all machines described the 
fish must be lifted out of the water; it is also neces¬ 
sary to lift the fish up to the grader, and the lifting 
height depends on the principle used for grading. 
Because the fish are graded in air, it is usual to spray 
them with water to prevent them drying out. After 
grading, the different fish sizes are delivered into 
different tanks through a pipe system, each housing 
a different size of fish, or the different sizes can 
return directly to the different fish tanks, depending 
on the total handling system. To get effective grad¬ 
ing the grader must be fed continuously; the fish 
must not come in batches. Depending on construc¬ 
tion, the grading machines are to various degrees 
adapted to take fish with different body shapes, for 
instance flatfish. Before choosing a grader it is 
therefore important to ensure that the grader is 
appropriate for the species. 

Bar graders: In a bar grader the fish slide down on a 
slightly sloped ‘rib table’ constructed of beams or 
bars (Fig. 22.19). The distance between the bars is 
smallest close to where the fish enter the table and 
then gradually increases. Therefore the smallest fish 
will fall through the bars first into the tank under¬ 
neath. Since the distance between the bars gradu¬ 
ally increases, larger fish will fall through when they 
have advanced some distance from the entry point. 
This type of grader is usually used to divide the fish 
group into two or three size classes. The advantage 




Figure 22.18 Several methods are used to achieve a variable distance between the bars in a grading grid: (A) grid construction; (B, C) the 
grid is rotated and the smaller fish swim through while the larger fish are retained. 
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Figure 22.19 A bar grader. 


with the bar grader is that there are no movable 
parts, but it has limited capacity compared with the 
other graders. What decides the capacity is the slope 
angle on the grading board. However, if the slope is 
too large, suboptimal grading will result; many fish 
will enter the wrong weight groups. In each case 
there will be an optimal slope, and this must be 
tested on the site. 

Roller grader: The design of the roller grader is sim¬ 
ilar to that of the bar grader, but the bars are 
replaced by rotating rollers. This system can be uti¬ 
lized for all size classes; the size of the graders is the 
only difference. Roller graders are normally 
installed on land-based farms, but may also be 
installed on boats or rafts for grading fish in sea 
cages. A machine located on a raft can be partly 
submerged to reduce the required lifting height. 


The principle of ‘dry placed’ roller graders for 
juvenile and on-growing fish involves lifting and 
pouring the fish, so that they flow over the ‘table’ 
with the rotating rollers (Fig. 22.20). Two pairs of 
rollers rotate away from each other so that the fish 
are not squeezed between the rollers, but lifted up 
so that they fall through the grading table in the 
correct place. Between the pairs of rollers there is a 
ridge. The distance between the rollers increases 
from the start to the end of the grading table. Two 
different types of rollers are used: the first type of 
roller is the same diameter along the whole length 
and is installed with a fixed angle between the pair 
of rollers; in this way an increasing distance 
between the two rollers is achieved. The other type 
of roller has a diameter that decreases in steps 
along the direction of movement of the fish, 
because of which there will be an increase in the 
distance between the rollers; this ensures separa¬ 
tion of the fish based on thickness. A roller grader 
has an electric motor to drive the rollers via gear 
wheels. Normally this grader will divide the fish 
group into three to four different sizes. Roller grad¬ 
ers have higher capacity than bar graders. The 
capacity depends on the number of rollers, or actu¬ 
ally the width of the machine, the length and the 
slope of the rollers. 

To use this type of machine, the fish must be lifted 
up to the grading table. The head loss over the 
machine is quite low (about SOcmH^O). Normally it 
is therefore possible for the fish to fall directly from 
the machine back into ordinary fish tanks through 
pipelines. This type of machine is normally equipped 
with wheels so can be easily moved around the farm 
and stored when not in use. 

Belt grader: In a belt grader the fish slide between 
two rotating belts that are positioned obliquely to 
form a V-shaped channel with no bottom (Fig. 22.21). 
The rotation of the belts helps to drive the fish for¬ 
ward in the channel. To rotate, each belt is equipped 
with its own electric motor. From the point where 
the fish are poured into the machine, the distance 
between the belts gradually increases. When the dis¬ 
tance between the belts is large enough the fish will 
fall through into tanks underneath, the smallest fish 
first followed by the other sizes. Normally this grader 
is used to grade into three size classes or more. These 
graders have a very low head loss, so only a low lift¬ 
ing height is required for the fish to enter the grader. 
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Figure 22.20 A grader equipped with rotating roiiers, 
where two pairs of roiiers rotate away from each other. 
The roiiers are driven by eiectric motors. 


This type of grader is also equipped with wheels for 
easy movement inside the farm; it is long and nar¬ 
row (3-5 m) and so requires a long space. 

It is important not to overload the grader with 
too many fish. Suboptimal grading will result, 
because the small fish may stay on top of the larger 
fish and in this way drop into the wrong size class. 
This problem may also occur with roller and beam 
graders, but in these cases a wider grading table can 
be used to increase the capacity and in this way 
reduce the problem. 


Band grader; This is a fairly new grading principle 
which combines the belt and the roller grader 
(Fig. 22.22). A tilted rotating belt or band of PVC 
into which the fish are led is used. The fish lie on 
their side and move in the direction of rotation 
of the band. A roller is sited above the belt. The dis¬ 
tance between the band and the roller gradually 
increases in the direction of transport. When the 
distance is large enough the fish will slide under the 
roller. In this way division into groups is achieved. It 
is normal to grade in groups of three sizes with this 
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Supply of fish 



Outlets for different fish sizes 



Figure 22.21 In a belt grader the 
distance between two rotating belts 
gradually Increases. 


Roller 



Supply of fish 



Figure 22.22 A band grader utilizes a 
principle that is also adequate for grad¬ 
ing flatfish species. 
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Supply of fish 





Figure 22.23 In a level grader the 
largest fish are separated away first, 
which prevents the smaller fish staying 
on the back of larger fish. 
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(A) 



(B) 



Figure 22.24 Movable grids can be 
used for grading in the water in (A) sea 
cages and (B) raceways. 


machine. The machine has also proved adequate for 
grading flatfish such as turbot. 

Level grader: On a level grader the fish are poured 
onto the top and gradually slide down through tilted 
grids that form a ‘grading table’ similar to the bar 
grader (Fig. 22.23).The larger fish will not go through 
the grid and will therefore be removed on the first 
grid. Smaller fish will continue to fall through onto a 
new tilted grid where the next fish size is removed, 
and then the same process may continue with new 
grids. Normally this grader will also divide fish into 
three size groups, but the machine may quite simply 
be adjusted to grade several sizes. The advantage 
with this machine is that there are no movable parts 
and that the largest fish are removed first. The 
machine has quite a high head loss and the fish must 
be lifted in order to enter the machine. Such graders 
are not normally mobile, but lightweight versions 
may be produced so that moving is possible. It is rec¬ 
ommended that this type of machine stays centrally 


placed in the farm. If the system for getting fish in 
and out from the grader is well designed, a large 
grading capacity can be achieved with this system, 
for instance in connection with a tapping centre. 

Other types of grader: There are also a number of 
other grading systems and principles that can be 
used. These are not described here, where focus is 
on the most general types and basic principles. For 
instance, many fish farmers have constructed their 
own graders adapted to their specific needs. 

Methods for grading the fish in the water 

Methods where the fish are maintained in the water 
throughout the entire grading process have been 
developed for raceways, ponds, sea cages and grad¬ 
ing channels.®'*^'^^ In raceways this is possible by 
using movable vertical grading grids (Fig. 22.24). 
When using the grid it is moved towards the fish 
which are forced to swim through. It is often used in 
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Figure 22.25 Use of stimuli to attract the fish through 
the grading grid. 

combination with a water flow towards the fish. The 
smallest fish will pass through whilst the larger fish 
will not be able to do so and will gradually be crowded 
together. Pulling two cages together and placing the 
grading grid in the middle gives a similar system. 

Alternatively, a seine net with a grading grid 
included can be dragged through a cage or pond 
(Fig. 22.24). The smaller fish will swim through the 
grid and remain in the cage or pond, while the larger 
fish will be crowded together and can be removed. In 
circular tanks a similar method can be used. A verti¬ 
cally placed grading grid is dragged through the tank 
like the hand on a watch. Another dense grid is fixed 
in the tank. Both the grading grid and the dense grid 
are fixed on a fitting in the centre of the tank; this 
may, for instance, be a centre drain in the tank.'*^ 

22.5.2 Methods for voluntary grading 
(self-grading) 

The same stimuli that are used for voluntary fish 
transport have been used for self-grading^'*'*^'*'^ 
(Fig. 22.25). Water flow towards the fish, scented 
substances, manipulation of light conditions and 
behaviour training have all had some effect, but full 
size grading of an entire fish group has been shown 
to be impossible. In addition, it is necessary to have 
a slightly larger distance between the ribs when 
using stimuli compared with traditional methods 
for grading because the fish will not go through 
small passages voluntarily. In particular, when the 
fish feel the ribs on their sides they will stop swim¬ 
ming voluntarily. In practice, where time is limited, 
stimuli are not useful for voluntary grading of fish. 
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Transport of Live Fish 


23.1 Introduction 

Because juvenile farms, on-growing farms and 
slaughterhouses can be located in different places, it 
is necessary to transport live fish and other aquatic 
organisms. Live fish may be transported as fry or 
juveniles to on-growing farms, and the adult fish 
may be transported to the slaughterhouse. There is 
also some transport of fry and juvenile fish associ¬ 
ated with restocking in the wild. Transport of fish 
can be classified as external transport (normally 
known as transport) and internal transport of fish 
inside the farm area (see Chapter 22). The differ¬ 
ences are in the distance and duration of the 
transport. 

The equipment used for transporting fry/juvenile 
and adult fish is similar in design. The main differ¬ 
ence concerns the size of the tank, which must be of 
sufficient volume, and fitted with large enough 
hatches and/or valves for filling and tapping out the 
fish. 

All procedures will vary depending on the spe¬ 
cies to be transported. However, all transport will 
result in extra stress for the fish, possibly leading to 
death;'-^ this will not necessarily occur during trans¬ 
port, but can do so over several days after transport. 
Good preparation before transport and good rou¬ 
tines during transport and reception are therefore 
important. There may also be government regula¬ 
tions concerning the transport of live fish and other 
aquatic animals, based on animal welfare needs. 
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Acceptable fish densities and requirements for 
adding new water, or water exchange, serve as 
examples. These regulations may also include 
requirements for design of the transport equipment, 
so this must be checked beforehand. Several meth¬ 
ods are employed for transport of fish, and a survey 
of those used follows. 


23.2 Preparation for transport 

Since the duration of transport is normally quite 
long, several hours at least, it is important to pre¬ 
pare the fish beforehand. The fish must be in good 
condition and should be starved before being trans¬ 
ported to empty the stomach and digestive system 
and hence reduce the release of waste metabolic 
products that cause the quality of the transport 
water to deteriorate. Starving the fish will also 
reduce the metabolic rate and hence oxygen con¬ 
sumption and secretion of ammonia and carbon 
dioxide during transport. The length of the starva¬ 
tion period needed depends on the water tempera¬ 
ture and the fish species, but is 24 hours or more. 

Internal transport, size grading and other han¬ 
dling must be carried out in anticipation of trans¬ 
port; the fish must be fully recovered from the stress 
that these actions involve before being transported. 
Loading the fish into the transport container must 
be performed in a manner that affects the fish as 
little as possible and minimizes stress. After loading 


& Sons, Ltd. 


328 



Transport of Live Fish 


329 


it is also important to expose the fish to as little 
stress as possible to keep recovery times short. 

The water used in the transport equipment 
must have similar characteristics to the water 
quality that the fish are used to so that they are 
not exposed to a new stressor. Variations between 
the temperature of the farming water and that of 
the transport water must also be avoided to mini¬ 
mize stress to the fish.^ Normally a reduced water 
temperature during fish transport is beneficial 
because the metabolic rate, and hence oxygen 
consumption and the release of metabolic prod¬ 
ucts such as ammonia and carbon dioxide, will be 
reduced. Furthermore, the content of available 
oxygen in the water will increase. Flowever, this 
may stress the fish unnecessarily, and some warm- 
water species will also die if the temperature is 
too low. Whether it is appropriate for the trans¬ 
port water to be chilled by adding ice, for instance, 
must be checked with regard to the transported 
species. 

Fish may be more vulnerable during some life 
stages than others; for instance, transport of salmon 
smolt during smoltification, when the scales are 
loose. Special care must be taken when transporting 
fish in such situations. 


23.3 Land transport 

Land transport with trucks or smaller vehicles is 
commonly used for live fish and also for other 
aquatic organisms. The method is especially suita¬ 
ble for fry, juvenile and small-sized species (<lkg), 
because the weight is limited. When moving large 
adult fish, the total cargo weight of the vehicle is a 
limiting factor. The same is the case for the size of 
the fish transport tanks. 

23.3.1 Land vehicles 

There are several types of land vehicle used for fish 
transport, including vans, wagons and trucks. 
Normally the vans and trucks have two axles, but 
larger trucks with several axles and trucks with a 
trailer or semi-trailer may also be used. Calculations 
have shown that the unit transport cost decreases 
with increasing size of truck: moving from a two- to 
a three-axle truck, and from a tank volume of 4m^ 
to one of 8m^, the trucking costs will increase by 


30% while the transport volume is doubled.'* A 
good journey on the truck is an advantage for both 
the fish and the equipment. 

Fish transport trucks can be completely special¬ 
ized. Combined trucks that are also used for other 
purposes, such as general cargo, may also be used; 
the advantage with the first option is that it might 
be difficult to keep the truck fully booked all year 
round with fish transport alone. 

23.3.2 The tank 

Two main types of tank are used for fish transport 
(Fig. 23.1): either a separate removable tank 
is placed on a platform on the truck, or the tank 
can be attached directly to the truck chassis. 
Removable tanks are normally prefabricated 
in sizes ranging from 200 to 4000 L capacity. 
Fibreglass is commonly used for tanks, but 
stainless steel and aluminium may also be used. If 
the truck is to be used for other purposes the fish 
tanks can easily be removed. If the tank is spe¬ 
cially designed to be fixed directly to the truck 
chassis, more time will be needed to remove it 
before the truck can be used for other purposes. 
Fixed tanks are normally made of stainless steel 
or aluminium; inside they are divided into sepa¬ 
rate compartments. The principle is the same as 
that used for tanks for transporting other liquids 
such as milk or fuel. These tanks are also divided 
into separate compartments inside, even if this is 
not apparent from the outside. 

The fish are loaded through hatches on the top of 
the tanks and unloaded through special tapping 
valves in the bottom. It is important that there are 
smooth connections so the fish are not wounded. To 
avoid temperature variations during transport tanks 
may be constructed with a double wall with insula¬ 
tion in between. However, if insulated cabinet 
trucks are used for transport of single tanks, this is 
not necessary. 

Regular cleaning and disinfection of the trans¬ 
port equipment is necessary; this requires the tank 
to be designed in a way that makes it easy to clean, 
with smooth surfaces for instance. ‘Dead areas’ 
where cleaning is difficult must be avoided. The 
inner tank surface area must tolerate standard 
disinfection liquids. The material must be of a closed 
structure to avoid water being forced into it so that 
later disinfection is difficult. 
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Figure 23.1 Trucks for fish transport either have remov- 
abie tanks piaced on a piatform body or iarger tanks 
fixed directiy to the chassis frame of the truck (iower 
photograph). 


23.3.3 Supply of oxygen 

The fish consume oxygen during transportation and 
additional oxygen must be supplied if the transport 
lasts for some time. The amount of oxygen needed 
can easily be calculated by looking at the available 
oxygen in relation to the consumption by the fish. 
Oxygen is usually supplied from bottles attached to 
the truck and is added to the water in the fish tanks 
through diffusers which lie on the tank bottom. Air 
may also be used as an oxygen source for the fish; in 
this case the truck must be equipped with an air 
blower. If transporting fish at high density and only 
adding air through diffusers in the bottom of the 
tank, large numbers of bubbles in the water can 
result, which is not recommended because it will 


To air compressor 




Figure 23.2 An airlift pump may be used to add oxygen 
and at the same time remove excess carbon dioxide. The 
photograph shows the instaiiation in a transport tank. 


stress the fish. When adding air, supersaturation 
with nitrogen must be avoided (see Chapter 12). It 
is important to have a good distribution of the 
added air or oxygen throughout the tank;^ an airlift 
pump may be used to create a flow inside the tank 
and hence an improved distribution. 

When fish are transported for long periods of 
time (>12 hours), depending on the density, prob¬ 
lems may result from accumulation of carbon 
dioxide in the tanks. Airlift pumps may be used to 
aerate the water and will also remove some of the 
excess carbon dioxide. They will also cause the 
water to circulate inside the tank (Fig. 23.2). When 
using such a pump, the air is supplied via a perpen¬ 
dicular closed pipe which runs from a few centi¬ 
metres above the tank bottom to a few centimetres 
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above the water surface. The addition of air to the 
water inside the pipe creates bubbles which will 
drag the water towards the surface and in this way 
generate a water flow inside the tank. The air 
blower is fixed to the frame of the truck. To obtain 
proper water circulation, an airlift pump can be 
placed near the centre of the tank; however, it 
must not inhibit filling of the tanks with fish 
through the hatches on the top. 

Near the bottom of the tank the airlift pump will 
create an area of low pressure and the fish may 
become stuck to the inlet of the perpendicular pipe. 
To avoid this, a wide perforated screen should be 
placed around the inlet to reduce the water velocity 
and possibilities for the fish to get stuck. 

When using the airlift pump it is important to be 
aware that when carbon dioxide is removed from 
the water there will be an increase in pH and hence 
an increase in the concentration of ammonia rela¬ 
tive to ammonium ion. Ammonia is rather more 
toxic to fish than ionic ammonium and could cause 
problems in high concentrations. The reason for this 
is that the equilibrium NH* is pH dependent 

(see Chapter 13). 

23.3.4 Changing the water 

In addition to high concentrations of carbon dioxide 
it is possible that high concentrations of ammonia 
(total ammonia nitrogen, TAN) develop depending 
on fish density, water temperature, transported 
species and duration of transport. To avoid fish 
mortalities it is therefore necessary to have the 
following: 

• Proper water exchange routines 

• A system for cleaning and re-use of the transport 

water or dosing with additives. 

Few trucks are equipped with cleaning and water 
re-use systems, and few operators use additives (see 
later), so water exchange is therefore the most com¬ 
mon method. Because of this fish transport must be 
properly planned, taking into consideration the 
duration of the trip, the oxygen requirements of the 
fish and the necessity of water exchange. When 
exchanging water, the incoming water must be of 
satisfactory quality so that a stable water environ¬ 
ment is maintained for the fish. To avoid additional 
stress it must have a similar quality to that of the 
production water. When exchanging water, mixed 


zone problems must be taken into consideration.*’ 
In addition, the water must not contain any micro¬ 
organisms which are harmful to the transported 
fish. The outlet water must be treated and released 
in a secure place, because it might contain microor¬ 
ganisms that could harm the natural fish stocks in 
the area. It is therefore important to know the gov¬ 
ernment regulations regarding intake and release of 
transport water. 

The length of time during which fish can be trans¬ 
ported without water exchange depends on water 
temperature, fish density and tolerance of the fish 
species to the decreasing water quality. The water 
quality gradually deteriorates as a result of fish 
metabolism until it is toxic to the fish. Normal water 
exchange intervals are 10-16 hours, but it is possible 
to have longer intervals between water exchanges: 
low water temperature will reduce the metabolic 
rate and therefore the fish may be transported for a 
longer period without water exchange. 

23.3.5 Density 

The density of fish during transport is of impor¬ 
tance for transport economy. Hence the amount of 
water transported must be as low as possible in 
relation to the amount of fish. It is difficult to calcu¬ 
late an accurate limit of the correct density for 
transport and it may vary greatly among species, 
size and development stage. For instance, Tilapia 
can be transported at higher densities than rainbow 
trout. If the water temperature increases, the den¬ 
sity must normally be reduced. For salmon, which is 
a species that has very high requirements regarding 
water quality, a rough estimate is that for tempera¬ 
tures below 8°C a density of up to 90-100kg/m’ 
may be supported;’’ if the temperature is above 
8 °C, a density of up to 50 kg/m’ is recommended. If 
the temperature is very high, transport is difficult 
because both the oxygen requirements of the fish 
will increase and the oxygen content in the water 
will decrease. Another way to express density is as 
the percentage of fish in the total transport water 
volume. At a water temperature of 18 °C, densities 
for catfish of up to 38%, Tilapia 32%, carp 15% and 
drum 4% have been reported for transport lasting 
8-16 hours for fish of various sizes.** 

Some insurance companies have their 
own guidelines regarding density of fish under 
transport. These guidelines must be known before 
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transportation, if the fish are to be insured. There 
may also be government regulations governing fish 
density. 

23.3.6 Instrumentation and stopping procedures 

The temperature and oxygen level should be moni¬ 
tored during fish transportation to control and 
avoid critical situations. Therefore the truck must 
possess the necessary instruments, i.e. thermometer 
and oxygen meter. These may be simple portable 
devices or fixed so that they can be read straight 
from the driver’s cab. An alarm system may also be 
installed to detect and respond to variations in 
these parameters. 

However, when transporting fish one should not 
depend entirely on the instruments installed in the 
tank. Visual control is also necessary. Programmed 
stops are recommended for observation of fish 
behaviour. The frequency of these stops may vary: a 
stop quite early in the trip is recommended, for 
instance 15 min after the start, and subsequently 
each hour or every 2 hours thereafter. 

It is necessary to keep a logbook during the jour¬ 
ney in which parameter values and observations are 
registered. It is also necessary to record fish behav¬ 
iour and any special occurrences during transporta¬ 
tion. If something happens to the fish during or 
directly after transportation, the logbook could be 
used to find a possible explanation and to claim on 
the insurance policy. The economic value of the 
transported fish can be quite high: if transporting 
100-g salmon smolt, each valued at €1, in a 10-m^ 
tank with a fish density of 50kg/m^, the total value 
of the cargo will be €5000. 


23.4 Sea transport 

Large quantities of fish can be effectively transported 
by sea. This may be carried out by special boats, well 
boats or by hauling the sea cages or other floating 
installations with boats. Compared to trucks on shore, 
the advantage with using well boats is that the well is 
much larger than the truck tanks so the amount of 
transported fish can be increased and therefore the 
costs per fish transported reduced. Larger tanks are 
also better for larger fish, for instance transporting 
fish to the slaughterhouse, because the available 
volume for the fish to swim in is greater. 


The fish can also be transported by hauling the 
net cage or another closed construction. However, 
the recommended drag velocity is quite low; this is 
of course also species dependent, but is never rec¬ 
ommended to be above 1 or 2 knots. Such velocities 
will also impose large forces on the dragged 
constructions. 

23.4.1 Well boats 

Boats used for live fish transport are equipped with 
wells (internal tanks) for holding the fish (Fig. 23.3). 
Well boats have for many decades been used for 
transporting various species, such as herring and 
pollack, from traditional fisheries. The same boats 
may today be used for transporting farmed fish. 
Special systems for loading and unloading the fish 
may be installed. The normal size of well boats var¬ 
ies from 20 to 60 m and they may accommodate up 
to 1501 of live fish.“ Traditional V-shaped hulls are 
usually used, but catamaran types that are faster 
have also been tried. The wheelhouse is placed 
either in the bow or the stern. On new boats it is 
typically placed in the bow. 

23.4.2 The well 

In the well boat there is a constant flow of new 
water through the well to ensure enough oxygen is 
supplied to the fish and the waste products are 
removed. Special well valves are placed in the front 
and in the back of the well (Fig. 23.4). If the boat is 
moving these valves are opened and new water will 
flow through the well from front to back. The well 
valves are operated directly from the bridge. If the 
well boat is in dock, large circulation pumps ensure 
the renewal of water in the well and by this the sup¬ 
ply of necessary oxygen to the fish and removal of 
waste products. 

When the well boat is transporting fish it may be 
necessary to close the well valves in some areas 
(special zones) and continue with closed valves. 
Reasons for this are to avoid possible transfer of 
disease either from the surroundings to the fish in 
the well or from the fish in the well to the surround¬ 
ings. Special zones can be areas near fish farms or 
important natural fish stocks. On these occasions it 
is necessary to ensure that the fish get enough oxy¬ 
gen even if the circulation pumps are inoperative. 
An oxygen supply system or air blower is therefore 
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Figure 23.3 Well boat for live fish 
transport. 



Figure 23.4 Valves that are open In the front and back 
of the wells ensure water flow through the well during 
transport. 


necessary, together with the necessary distribution 
system, for example diffusers located in the bottom 
of the well. Most modern well boats are equipped 
with systems for adding oxygen and are able to 
carry the fish for long periods of time without open¬ 
ing the well valves. The wells function similarly to 
those used on truck transport. Similarly the tanks 
can be equipped with systems for individual circula¬ 
tion of the water and also water purification (re-use) 
systems. The well boat may also be equipped with a 
refrigerated seawater (RSW) system for cooling the 


sea water, to keep a low temperature in the well and 
also to chill the live fish before slaughter. 

Well boat size commonly varies from 50 to lOOOm^. 
The well is normally divided internally into several 
tanks separated by fixed walls. The construction and 
surface of the sidewalls and bottom must be designed 
not to damage the fish. Use of nets for dividing the 
well into additional compartments is therefore not 
satisfactory. It is also important that the well is 
designed in a way that ensures good water distribu¬ 
tion and exchange of the total water volume. Well 
boats with circular tanks have also been constructed. 
The well will then function in the same way as a circu¬ 
lar tank with the same flow pattern, and a very good 
distribution of the incoming water is ensured. 

As for tanks on trucks, it is important that the 
wells are easy to clean and disinfect. It is also impor¬ 
tant to have control of the real well volume when 
adding disinfectant.^^ 

23.4.3 Density 

As for truck transport, the transport density will vary 
with the species, but here it is also important from an 
economic perspective. For Atlantic salmon the den¬ 
sity is normally around 35-50 kg/m^ and for adult 
fish going to slaughter densities of between 150 and 
180kg/m^ have been reported.^^ When transporting 
large amounts of fish to the processing plant, the 
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cargoes are very valuable. A well capacity of 1000 
and a fish density of 150kg/m^ mean that 1501 of fish 
is being transported. If the price is €3/kg the total 
value of the cargo is €450000. This also shows the 
necessity of control in order to avoid accidents. 

23.4.4 Instrumentation 

Instrumentation to control water temperature, oxy¬ 
gen content and salinity, when transporting in sea 
water, is essential in well boats. In all boat transport 
it is important to have proper records and to keep a 
logbook. This can either be done manually or in a 
computer log with automatic data-logging of the 
parameters. 

When transporting fish by well boat, special 
attention must be given to variations in tempera¬ 
ture and salinity in the sea because these changes 
may be very stressful for the fish. Large variations 
in temperature may occur where there are large 
areas of fresh water, for example close to the outlet 
of large rivers. Variation in water quality during 
transport is not good; for instance, there may be 
reduced salinity just outside large rivers and also 
large organic burdens so that a mixing zone with 
negative water quality may occur.®-^^ 

Boat transport in rough weather must also be 
avoided. The fish in the well boat may suffer from 
some kind of seasickness. Some species will attempt 
to compensate for the wave pressure and try to stay 
at the same depth in the well by taking air in and 
out of the swim bladder. This may exhaust the fish 
totally and they will sink to the bottom of the well 
where they will lie, sliding about on the bottom of 
the well so incurring wounds and losing scales. 
Therefore it is important to listen to the weather 
forecast before transport, and record the weather 
conditions and approximate wave height. 

All well boats have some type of equipment for 
loading and unloading the fish. Some sort of fish 
pump, for instance an ejector or vacuum-pressure 
pump, is normally used today, but a wet net may 
also be employed (Fig. 23.5). There have also been 
some specially designed boats that allow the fish to 
move in and out of the well voluntarily. This is 
possible by lifting the stern so that the well is 
opened. Sliding walls can be used to crowd the fish 
without pumping the water out from the well and 
reducing the water level. It is thus possible to reduce 
the volume in the well by moving one wall. 



Figure 23.5 Detail of the deck on a well boat with the 
well hatch and wet net for lifting the fish. 


Many well boats are also equipped with grading 
equipment so that they can be used to grade fish in 
sea cages in addition to transporting fish. 

23.4.5 Recent trends in well boat technology 

During the last few years, there have been a num¬ 
ber of improvements in well boat technology. Well 
boats have increased in size up to a length of 70 m 
and a width of 15 m. The well capacity may be up 
to 3000 m^ so that the boat is capable of transport¬ 
ing up to 3001 of fish. Another new trend is the 
simplification of loading procedures, which is not 
only more effective but also more beneficial for 
the fish. The well can be totally sealed so that 
when pressurized both fish and water are forced 
out of the well (technology from vacuum fish 
pumps). The boat may also be equipped with slid¬ 
ing partitions so that the fish can be easily crowded 
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Figure 23.6 (A) The bridge of a new well boat. (B) Video cameras and a lot of other equipment are used to monitor 
the conditions for the fish. (C) Weli boats are increasing in size. (D) Weii boat unloading fish at the siaughter house. 


in the well. Previously, the well was typically 
square but today a circular well is used, function¬ 
ing as a circular fish tank with an inlet in the side 
and an outlet in the centre. The fish are exposed to 
water flow during transport, just as in a circular 
production tank. 

Another major difference is that it is easier to 
clean and disinfect the well and internal piping sys¬ 
tem to avoid transfer of diseases, for instance using 
foam and ozone. Typically, there is also the possibil¬ 
ity to disinfect the water entering and leaving the 
well, for instance using ultraviolet light. In Norway 
is it now also more usual to use well boats for treat¬ 
ing parasites such as salmon lice. The fish are 
pumped into the well before closing of the well 
valves; then an antiparasite treatment is performed 
before the fish are pumped out. Fine filters are also 
used to prevent parasites entering the water. Well 


boats are also increasingly used for size grading and 
counting of large fish. 

The instrumentation and monitoring systems in 
well boats is more advanced and includes oxygen 
regulation systems that add oxygen when levels are 
low. Video cameras are installed in several locations 
in the well for controlling the fish. Loading and 
unloading of the well is remotely controlled from 
the bridge of the boat (Fig. 23.6). When used for 
transporting fish to slaughter, well boats may also 
be capable of chilling. 

23.5 Air transport 

Live fish may also be transported by helicopter or 
by aircraft. Because of the high cost this option is 
seldom used. Reasons for using air transport are 
mainly remote geographical location or bad 
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infrastructure (roads, bridges) that make sea or 
land transport difficult and expensive. For restock¬ 
ing of lakes transport of live fish with small sea¬ 
planes is quite normal, but because of the low 
loading capacity (some hundreds of kilograms) 
this is not very useful in commercial aquaculture. 
Larger multi-engine aircraft can be used; in such 
cases seaplanes are equipped with large internal 
tanks for storing the fish, and pure oxygen gas is 
used. However, it is fry or small fish that are most 
often transported by air. 

The use of helicopters is quite a new method for 
live fish transport. In one method, a large barrel of 
400-500 L capacity filled with fish and water hangs 
on a wire below the helicopter.^'*’^^ This is basically 
the same equipment as when using helicopters to 
fight fire. To fill the barrel, the helicopter lowers it 
and the fish and water are lifted in; to empty the 
barrel, the helicopter lowers it into the water and 
the fish are released by tilting the barrel. The heli¬ 
copter is maintained in flight throughout the entire 
loading and unloading procedure. This method may 
be a solution for fry/juvenile transport in areas with 
low-quality roads and where the geographical con¬ 
ditions made long-distance sea transport necessary. 


23.6 Other transport methods 

Plastic bags may be used to transport small amounts 
of fish, for instance to transport fish for lake cultiva¬ 
tion and for transport of ornamental fish. A 
common size of transport bag is 85x60 cm. Thick 
polyethylene is used to make the bags resistant to 
puncturing. The bag is normally filled with between 
one-quarter and one-third of its volume with water 
before the fish are loaded. Air is removed from the 
bag by pressing it together, and it is then filled with 
pure oxygen until it assumes a balloon-like form. The 
atmosphere over the water in the bag will be pure 
oxygen. Cooling of the plastic bag minimizes the 
oxygen consumption of the fish and maximizes the 
duration of oxygen supply. Using ice on top of the 
bag, and not exposing the bag to direct sunlight may 
help with this. During transportation it is recom¬ 
mended that the bag is shaken from time to time to 
mix the oxygen in the atmosphere above into the 
water. The duration of the journey using this 
method depends directly on the fish density and 
their oxygen consumption. For example, a density 



Figure 23.7 Using a tractor-trailer for fish transport. 

of 1 kg salmon smolt per 3-4 L of water and 10 L of 
pure oxygen in plastic bags at 5°C has been used for 
air transportation lasting a couple of hours.“ 

An alternative to plastic bags is plastic contain¬ 
ers. Here also the containers are filled with approxi¬ 
mately one-third of water and fish, above which 
there is a pure oxygen atmosphere. Special equip¬ 
ment is required to remove the air from the can and 
replace it with pure oxygen. 

Special types of tractor-trailers designed for fish 
transport can be used for short journeys (Fig. 23.7). 
Goods wagons equipped with tanks for live fish 
transport have also been tried for railway 
transport.^’ 

23.7 Cleaning and re-use of water 

In some situations it can be necessary to transport 
live fish over large distances and for long periods 
of time (12-16 hours). In these circumstances 
there must be either water exchange or continu¬ 
ous flow-through of water as in well boats, depend¬ 
ing on the species being transported. However, it 
is also possible to design a transport tank system 
that includes a circuit for cleaning and re-using 
the water (Fig. 23.8) so that high concentrations 
of carbon dioxide and ammonia in the water can 
be avoided. Such transport tanks really function 
as a recycling plant with 100% re-use of water. 
Complete removal of metabolic waste products is 
impossible from an economic view, so even here 
the water quality will gradually decrease, but over 
a much longer time period. Compared with a re¬ 
use plant, degeneration of the water quality will 
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Figure 23.8 It is possible to design a 
transport tank system for long journeys 
that includes a circuit for cleaning and 
re-using the water. 


be slower because fish respiration is reduced due 
to prior starvation. 

Airlift pumps may be used for removal of carbon 
dioxide in addition to adding oxygen and creating 
water flow. Biofilters are not efficient systems for 
removal of TAN during transport because these are 
biodynamic systems that require a start-up time to 
establish a culture of bacteria before use. However, 
an ion exchanger can be used to remove ammonia. 
When the water passes through the ion exchanger 
the ammonia is removed (NH+ exchanged with 
Na+); after use the ion exchanger must be regener¬ 
ated, and this can be done between journeys. 

Long journeys and high degrees of water circula¬ 
tion may also cause the water temperature to 
increase as a result of the pumping required for 
water re-use and fish metabolism. Installation of a 
cooling system on the transport tank can therefore 
be advantageous. The oxygen supplied to the water 
may be either produced by generators or by bottles 
of oxygen gas attached to the truck. 

In Norway, salmon smolt and juvenile turbot 
have been transported for up to 5 days without 
water exchange using a specially designed tank with 
a water re-use system.^ 


23.8 Use of additives 

Many additives are available that can be added to the 
transport water to improve the transport results and 
allow fish transport over longer periods. Instead of 
using filters and water re-use systems, additives can 
be applied to the water to give similar effects. Addition 


of sea water to fresh water will have a positive pH- 
regulating effect because of its buffering capacity. The 
same will be the case with addition of other buffering 
substances. Sodium chloride can be added to fresh 
water as a defoaming agent. Addition of clinoptilolite 
to the water (as used in an ion exchanger) will reduce 
the concentration of ammonia. 

Addition of salt may reduce osmoregulatory dis¬ 
turbance, and by this the total stress when trans¬ 
porting freshwater fish.^^’^" Antibiotics can be added 
to reduce the development of bacteria in the trans¬ 
ported water.^^ Addition of sedatives, such as MS222 
and clove oil, to the transport water may also be 
done to calm the fish and reduce the metabolic 
rate.^^^^'’ This will reduce oxygen consumption and 
decrease the excess of carbon dioxide and ammo¬ 
nium ion; the fish will also tolerate more stress. 

However, all use of additives will require accu¬ 
rate control of the water quality during transport; 
they may not always function or the effect may be 
minor. It is best therefore to avoid using additives. 
Addition of antibiotics and sedatives should be 
avoided unless there are very special conditions 
pertaining to the live transport. These may not be 
allowed before the fish go to processing plants 
because they may leave residues in the flesh. 
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24.1 Introduction 

Equipment for measuring and recording various 
parameters is more and more commonly used in 
aquaculture, especially in intensive aquaculture. 
Such equipment can be used for controlling/moni¬ 
toring environmental conditions so adjustment can 
be made to obtain optimal production results. Until 
now several of these measurements have been 
taken manually, which is normally more time-con¬ 
suming and labour intensive and therefore results 
in fewer measurements. During the past few years, 
there has been rapid development in the automa¬ 
tion of instruments and monitoring systems that 
can also be used in the aquaculture industry, mainly 
based on developments in electronics and com¬ 
puter science. Therefore many of the trivial manual 
measurements are now carried out by specially 
designed instruments, releasing manpower for more 
important intellectual tasks and to improve the pro¬ 
duction results, especially in intensive aquaculture. 

One reason for using instruments is to automate 
the management of fish farming as much as possible. 
For example, video cameras and image analysis can 
be used to monitor fish and give alarm signals if odd 
behaviour is observed. However, the biological pro¬ 
cesses underlying fish production are both complex 
and difficult, unlike for instance the production of 
nails. Even with today’s knowledge, it is only a 
dream to believe that it is possible to fully replace 
the fish farmer with instruments and robots. 


When buying and installing instruments, the 
requirements for maintenance and calibration, 
adjusted for special circumstances, must be taken into 
account. The values read from the measuring equip¬ 
ment must be reliable, otherwise the result can be 
more damaging than if no measuring equipment were 
used at all. This implies that maintenance and running 
costs must be included in the price of an instrument, 
not just the purchase cost. Extra effort must be given 
to maintenance of instruments used to monitor water 
quality. This also includes frequent calibration accord¬ 
ing to the manufacturer’s instructions so that the val¬ 
ues shown are reliable. Depending on the type of 
instrument, the sensors may have a limited duration, 
so must be exchanged at fixed intervals. 

Measurement of biological performance has also 
increased during the past few years as a result of the 
increased focus on profitability in intensive fish farm¬ 
ing. By automatically measuring development in 
terms of weight and total fish biomass, it is possible to 
control the development and intervene if something 
does not correspond to the production plans. 

Because of the large expense involved and the 
amount of technical equipment that can fail, it is 
increasingly common to have a total monitoring 
system on the farm, which also includes a significant 
use of computer tools.On land-based farms using 
pumps for the water supply or in farms with re-use 
of water, such systems are essential.^ 

There is much general literature available 
describing measurements, instruments and sensors 
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(see, for example, refs 6-8). This chapter gives a 
general description of the construction of instru¬ 
ments, with some thorough investigation of those 
used in aquaculture. In addition there is a brief 
review of methods used to count fish, measure fish 
size and estimate biomass. The chapter ends with a 
description of monitoring systems, of which meas¬ 
uring instruments constitute a major part. 

24.2 Construction of measuring 
instruments 

The construction of measuring instruments depends 
on the measuring principles used and the signal 
transfer. One classification is mechanical, hydraulic, 
pneumatic, electrical and electronic, where the last 
is being increasingly used.® 

A measuring instrument often comprises three 
major parts (Fig. 24.1); 

(1) A sensor or probe 

(2) A transmitter to transfer the signal 

(3) A display or other type of indicator (connected 
to the transmitter). 

In some instruments the three major parts are con¬ 
nected within the same unit, while in other instru¬ 
ments the parts are separate and connected via 
cables for electric signals or another principle for 
transfer of the measured values. Measuring equip¬ 
ment can send either continuous signals (analogue) 
or on-off signals (digital). An example of the first is 
an oxygen meter that shows the concentration of 
oxygen. Flow indicators that register if there is water 
flow or not (on-off) are an example of the latter. 

The sensor in the unit is used to record the physi¬ 
cal conditions in the medium, such as the probe in 
an oxygen meter. The transmitter can either be elec¬ 
trical or mechanical and translates the signal com¬ 
ing from the sensor to a scaled signal that is further 
transported to the display or indicator where the 
results are shown in an understandable way. In the 
display the physical conditions of the medium are 
shown. Signals may also go directly to a recording 
unit such as a computer for storing the results, or 
can be used to control a regulator. 

A short description of the measuring instruments 
most used in aquaculture facilities is given below. 
Equipment is separated into that used for measur¬ 
ing water quality and that used to measure physical 
conditions. 


Transmitter Display 



sensor or probe 


Figure 24.1 An electronic instrument normally com¬ 
prises three major components linked either by cables or 
integrated. 


24.3 Instruments for measuring 
water quality 

Both chemical and physical parameters are used to 
characterize water quality, and many instruments 
based on different principles are used. Instruments for 
measuring water quality can be divided into on-line 
and off-line instruments based on their construction. 
On-line instruments that can stay in the water carry 
out continuous monitoring and are always a type of 
electrode or sensor. The same instrument may, how¬ 
ever, also be used off-line for individual measure¬ 
ments. Off-line instruments are more closely related 
to those in laboratories, and normally more work is 
needed to perform an analysis, together with experi¬ 
ence in performing laboratory work in some cases. 

On-line instruments or chemical analysers can be 
separated into those that use sensors but no reagents, 
and wet-chemistry analysers.^ Use of instruments 
with a sensor is advised, because they reduce the man¬ 
ual input. Wet-chemistry analysis can be classified on 
the principle of the analysis: typical examples are col¬ 
orimetric, titrimetric and ion-selective electrodes. Colo¬ 
rimetric measurements are much used, and function 
by adding a reagent to the water sample and monitor¬ 
ing the colour change with a detector. A typical detec¬ 
tor is a spectrophotometer that measures the light 
absorption of the sample. The great disadvantage with 
wet-chemistry analysers is that a sample from the water 
flow needs to be taken to which a reagent is added. 
Stopped flow/batch mode analysers and flow injection 
analysers are available.^ In the latter, pumps and 
valves ensure that samples are automatically taken 
from the water flow and transported to the instrument 
for monitoring before being released so that a new 
sample can be taken. Some common devices for water 
analyses are described briefly below; more informa¬ 
tion can be obtained from the literature.^ ® 
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24.3.1 Measuring temperature 

In fish farming, temperature needs to be measured in 
several situations, for instance the farming water or 
inside slaughtered fish. One principle utilized to 
measure temperature is the expansion of certain sub¬ 
stances with temperature, as in a mercury thermom¬ 
eter. The construction of the thermometer is such that 
even quite a small expansion of the mercury causes a 
noticeable change in the level in the thin pipe where 
the reading is taken. Thermometer manufacturers 
calibrate the scale according to known values: a bath 
with fresh water and ice is 0 °C at normal atmospheric 
pressure and the boiling point of fresh water is 100 °C 
under the same conditions. The Celsius scale divides 
the interval between 0 and 100 into equal degrees. 
Other substances besides mercury can be used in 
thermometers using this principle. The Fahrenheit 
scale may be use as an alternative to the Celsius scale. 

That the electrical resistance in materials changes 
with temperature may also be used to measure tem¬ 
perature. What is actually measured is the electric 
current through a circuit of which the resistance 
material is an integral part; if such material is 
exposed to temperature variation, its resistance will 
change together with the electric current passing 
through the circuit. Platinum is often used in digital 
thermometers that measure electrical resistance. 

The difference in voltage occurring between two 
different materials may also be used for measuring 
temperature. If two different metals are soldered 
together, for instance copper and constantan, a cur¬ 
rent will flow, the size of which will be proportional 
to the temperature. If the point where the two 
materials are soldered together is affected by a tem¬ 
perature gradient, the electrical current will also 
vary. This equipment is called a thermocouple; it is 
simple but not as accurate as other devices. 

A thermistor is also a temperature-dependent resis¬ 
tor, but is more complex and includes semiconductor 
technology. Higher accuracy is achieved with this than 
with the other methods described. The device is sim¬ 
ple and the price reasonable and therefore thermis¬ 
tors are widely used for temperature measurement. 

24.3.2 Measuring oxygen content of the water 

The oxygen content may be measured either che¬ 
mically or electronically. The normal chemical 
method is the so-called Winkler method, a titration 


method that consists of adding certain chemicals to 
the water and observing a colour change which will 
be directly related to the oxygen concentration. 

When measuring oxygen concentration electron¬ 
ically, a sensor or probe is used. This can be con¬ 
structed using a positively charged conductor 
(anode) and a negatively charged conductor (cath¬ 
ode) separated by an insulator (Fig. 24.2). In one 
design, an electrolyte is located around the elec¬ 
trodes (anode and cathode). A special membrane 
covers the electrolyte, keeping it in place and pro¬ 
tecting it. The membrane is permeable to oxygen 
molecules. Because there is a positive and a nega¬ 
tive electrode, electrolysis will occur and electrons 
will pass between the two electrodes. The magni¬ 
tude of the electron transport is affected by the 
amount of oxygen in the electrolyte; this again 
depends on the amount of oxygen transported 
through the membrane, which is related to the 
amount of dissolved oxygen in the water. 



Figure 24.2 Measuring oxygen content: detail of the 
sensor for measuring oxygen content. 
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It is important to calibrate this type of instrument 
accurately. For some instruments it is necessary to 
calibrate for air pressure and temperature, while in 
others this is integrated. The electrolyte and the 
membrane or the complete sensor must be changed 
at defined intervals. Since the membrane is very 
thin it is easy to break and care must be taken when 
handling it. Ageing of the membrane can be 
detected, because it becomes difficult to obtain 
stable results and the values fluctuate constantly. 
The membrane is also exposed to fouling and must 
regularly be visually inspected and cleaned. If 
fouling occurs the oxygen values will normally drop 
in relation to the correct values. 

24.3.3 Measuring pH 

Several methods are used to measure pH to prevent 
it dropping to critical values. A simple but inaccu¬ 
rate way is to observe the colour change of pH 
paper, also known as litmus paper, when it is dipped 
into water. This paper contains a chemical, the col¬ 
our of which is pH dependent. Similarly, a small 
water sample can be taken, a specially prepared 
liquid added to it and the colour change observed. 

The pH can also be measured by a standard 
chemical analysis with titration and observing the 
change in colour, which is pH dependent. This sys¬ 
tem may be implemented for daily measurements 
on a fish farm and has the advantages of requiring 
low maintenance and being reliable. The disadvan¬ 
tages are, however, that this takes some time and 
experience of working with chemical equipment, 
and measurements in a laboratory are necessary. 

A pH meter is constructed on the same principle 
as the oxygen meter. Here the probe is constructed 
with two electrodes, one for measuring the concen¬ 
tration of H* and the other as a reference electrode. 
In this case the pH electrode consists of a membrane 
permeable to hydrogen ions. Here also the mem¬ 
brane creates a cell that encloses the electrolyte. 
Between the electrodes a current will pass that 
depends on the concentration of H+. The voltage 
between the pH electrode and the reference 
electrode is then measured and the pH calculated. 

Instruments for measuring pH must be calibrated 
before use. This is performed by placing the probe 
in different solutions of known pH and then adjust¬ 
ing the instrument. The pH probe is compact, in 
contrast to the oxygen probe; therefore it must be 


completely replaced if it ceases to function. A dis¬ 
advantage of the pH probe is its limited duration, 
normally from 3 months up to I year in special 
cases. Practical experience with the use of pH 
meters in fish farming shows that maintenance is of 
extreme importance. Both calibration and changing 
of electrodes must be done regularly to achieve reli¬ 
able measurements. 

24.3.4 Measuring conductivity and salinity 

Conductivity is a measure of the ability of water to 
conduct an electric current. In fish farms this is 
important in order to evaluate the ability of the 
water to inhibit pH fluctuations, i.e. the buffering 
capacity. In sea water, Na+ and CF ions dominate 
and here the instrument is used to measure the 
salinity. 

The probe consists of two electrodes and is low¬ 
ered into the water. A small electric potential (volt¬ 
age) is applied across the electrodes. An electric 
current will occur between the electrodes, the size 
of which depends on the ion concentration in the 
water. To prevent the establishment of a layer on 
the electrodes, which affects the current, it is neces¬ 
sary to use an alternating current as pre-voltage. 

Conductivity is affected by temperature, so it is 
important to compensate for this parameter when 
taking measurements. Each instrument should have 
a special table setting out the effect of temperature 
on the conductivity. Advanced instruments incorpo¬ 
rate automatic temperature compensation. 

24.3.5 Measuring total gas pressure 
and nitrogen saturation 

The total gas pressure in the water is measured 
mainly to find not only the total pressure but also 
the amount and saturation of dissolved nitrogen gas 
(Nj). If the saturation of nitrogen in the water is 
above 100%, the fish may suffer from gas bubble 
disease. This is more critical in fry stage fish than in 
adult fish. In salmonids, problems have been 
observed when saturation is over 102%, but it is 
recommended that saturation be maintained below 
100.5%. Marine fish fry have been shown to be very 
sensitive to supersaturation of nitrogen. Problems 
may also occur if the total gas pressure is too high 
and there are some indications that total pressure 
above 100% may be detrimental. 
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Figure 24.3 A saturometer used for measuring the 
total gas pressure in the water. 


One method to measure the total gas pressure in 
the water is to use a saturometer (saturation meter) 
(Fig. 24.3). The main part of the instrument is a 
small silicon tube into which the dissolved gases 
from the water pass (the silicon acts as a mem¬ 
brane) and become enclosed. A pressure meter is 
attached to the tube and the measurement is car¬ 
ried out by determining the difference in pressure 
between the local atmospheric pressure and the 
pressure inside the silicon tube. 

Before using the saturometer, the pressure inside 
the cylinder (silicon tube) must be equalized to the 
surrounding environmental pressure. This is carried 
out by placing the probe in the air for some minutes 
before placing it in the water. A perforated cover 
surrounds the cylinders and a manual pump is used 
to ensure water flow along the cylinder, so that a 


representative measurement can be taken. The 
instrument has to stay in the water for 5-10 min 
before a reading can be taken. 

In order to determine the total gas pressure when 
using a saturometer the following equation must be 
employed: 


TGP(%) 


BP-tAF 

BP 


xlOO 


where TGP represents total gas pressure of 
dissolved gases, BP local barometric pressure (nor¬ 
mally read in mmHg) and AP pressure difference 
(read from the saturometer) between total gas pres¬ 
sure in the water and local barometric pressure 
(mmHg). 

When calculating the nitrogen pressure, which is 
a critical factor for avoiding gas bubble disease, the 
following equation may be used: 


N.(%) = - 


BP+AP - [(0,/;5o.) X 0.5318 - Ph,o]1 


(BP - Pjj o) X 0.7902 


X 100 


where represents partial pressure of nitrogen gas 
in the water (percentage nitrogen saturation), BP 
local barometric pressure (mmHg), AP difference 
between total gas pressure and local barometric 
pressure measured by a saturometer (mmHg), 
oxygen concentration in the water measured by 
an oxygen meter (mg/L), Bunsen’s coefficient 
for oxygen (see Appendix 12.2) and partial 
pressure of the water vapour (mmHg). The two 
numbers in the equation are conversion factors. 

Other instruments are available for monitoring 
the nitrogen gas saturation which are simpler to use. 


24.3.6 Other 

As a result of the rapid development of on-line 
instruments, sensors for on-line measurement of 
carbon dioxide, ammonia and nitrate are available. 
The sensors can either be single sensors, or multiple 
instruments comprising several sensors connected 
in a multiprobe (Fig. 24.4). The sensors in the multi¬ 
probe can be changed with sensors for other quality 
parameters, but the instrument remains the same. 

Instruments using traditional chemical labora¬ 
tory methods have also been developed for use 
under field conditions; for instance there are 
special types for aquaculture facilities. One 
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Figure 24.4 Sensors connected in a multiprobe. 


commonly used instrument is based on a spectro¬ 
photometer, in which the sample is illuminated by 
light of a specific wavelength and the amount of 
light passing through is monitored. Before placing 
the sample in the spectrophotometer a chemical is 
added so that a colour change will occur, the size 
of which will depend on the amount of substance 
to be measured in the sample. To avoid much 
work with weighing out of chemicals, specially 
prepared ampoules, each with the correct amount 
of chemical for one water sample, are delivered 
with the instrument. Many chemical analyses can 
be run in such instruments which are quite simple 
to use. 


24.4 Instruments for measuring 
physical conditions 

There are many places where there is a need to 
control physical conditions. In aquaculture, the 
water condition is of major importance, particu¬ 
larly water flow, water level and water pressure. 
Many methods can be used to measure these 
parameters; some can also be used to measure 
more than one. There are differences both in price 
and accuracy of available instruments. Methods 
used are reviewed below; for more information 
see, for instance, refs 9 and 11. 


24.4.1 Measuring the water flow 

It is common practice to measure water flow to be 
sure that it is constant and that the correct amount of 
water passes through the pipes. Water flow measure¬ 
ments can be carried out at various places in a fish 
farm. Flow meters may be located in the main inlet 
pipe, in part flow pipes or in the inlet pipe to a single 
tank. Several principles are actually used, such water 
as velocity and head loss. The methods used to meas¬ 
ure the flow in open channels and pipes are different. 
The main emphasis here is on measurement in pipes 
that are full of water, since this is the most common 
situation in fish farming. However, some of the meth¬ 
ods presented may also be used in open channels. 

Measuring water velocity 

The water velocity is proportional to water flow 
(see Chapter 2). If the water velocity and the inter¬ 
nal diameter of the pipe are known, it is easy to cal¬ 
culate the water flow. 

A simple way to measure the water velocity in a 
pipe is to use a propeller, paddle wheel or turbine 
(Fig. 24.5). Propellers with a variety of designs are 
used. The working principle is that the water will 
move the propeller and the rotational velocity of 
the propeller will reflect the water velocity in the 
pipe. Either the propeller can be installed in an 
existing pipe system, known as an inset meter, or it 
can be a completely separate system in which the 
propeller and instruments are connected, forming 
a complete unit adapted to the pipe. Propeller 
systems are simple and inexpensive, but one of the 
disadvantages is that the head loss will increase. 
However, the main disadvantage is that the propel¬ 
ler will be exposed to fouling because it is within 
the water flow. Normally, fouling will reduce the 
measured velocity compared with the actual veloc¬ 
ity. Correct maintenance is therefore important in 
such a system. A further disadvantage is wear of the 
continuously moving propeller. 

An electromagnetic flow meter can also be used 
to measure water velocity (Fig. 24.5). The principle 
utilized here is that an electromagnetic field changes 
when the water velocity varies. A conducting fluid, 
such as water, in a magnetic field will induce an 
electrical voltage, which correlates with the water 
velocity. The water must have some electrical 
conductivity if this type of instrument is to function; 
in fish farming this will always be the case. 
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Figure 24.5 Instruments for measuring water velocity: (A) propeller; (B) ultrasound; (C) electromagnetic. 


Ultrasound may also be used for measuring the 
water flow, as in an ultrasonic flow meter (Fig. 24.5). 
Two combined ultrasound source and receiver units 
are placed, one on each side of the pipe and crossed 
diagonally. Sound waves are transmitted from one 
side and travel with the water flow; from the oppo¬ 
site side of the pipe another sound wave is transmit¬ 
ted and travels in the opposte direction to the water 
flow. The time taken for the sound waves to reach 
the receivers are compared; the water velocity can 
be calculated because the water flow deflects the 


sound waves and alters their velocity. A fixed uni¬ 
directional ultrasonic system can also be used which 
calculates the time difference during which the 
sound waves travel. The advantage of this system is 
that the instrument may be attached to the exterior 
of existing pipes; if the type of pipe is known, the 
water flow inside can be found. Flow meters 
utilizing this principle will not give any head loss 
and are very accurate; however, they are quite 
expensive. The instruments may also be affected by 
air bubbles or high particle concentrations. 
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The various types of flow meter have different 
accuracies, and this must be checked before selec¬ 
tion. Generally, greater accuracy incurs greater 
expenditure, so the meter must be fit for purpose. 

Measuring head loss 

Head loss in a pipe will occur when the water passes 
an obstruction or any other object that reduces the 
water flow. Measurement of the head loss may 
therefore be used to calculate the water velocity, 
since the head loss depends on the velocity; an 
increase in velocity will increase the head loss. When 
this principle is used for flow measurements, a 
known obstruction is set inside the pipe. A very 


accurate plate with a hole in the centre, slightly 
smaller than the internal pipe diameter, known as 
an orifice plate, is usually used (Fig. 24.6).The differ¬ 
ence in the pressure before and after the plate gives 
an indirect measurement of the water flow. This 
instrument is also called a differential pressure flow 
meter. The physical relation used when measuring 
the head loss is defined by the Bernoulli equation: 

p + Yi pv^ + pgh = constant 

where p represents pressure, p density, v velocity, 
h elevation (height) and g acceleration due to gravity. 
The disadvantage with this method is that a 
head loss occurs, especially with the orifice plate. 



Orifice plate 


Pitot tube 




End damper 
Scale 

Floating device 

Conical glass or 
plastic pipe 

End damper 


Rotameter 


Figure 24.6 Instruments for measuring head loss: (A) orifice plate; (B) pitot tube; 
(C) rotameter. 




Instrumentation and Monitoring 


347 


so instead a venturi can be used which functions in 
the same way, but the head loss is reduced. 

Another instrument based on measuring the dif¬ 
ferential pressure (actually the head loss) to calcu¬ 
late water flow is the pitot tube, which measures the 
dynamic head (total head) and the static head 
(Fig. 24.6). Based on the difference between these 
two values, the water velocity can be calculated 
(from the Bernoulli equation). Correct use of this is 
important because there is a velocity profile inside 
the pipe that must be taken into consideration when 
locating the pitot tube. 

A rotameter or hover velocity meter also utilizes 
the head loss measurement, but with a constant head 
loss. The construction of a rotameter includes a coni¬ 
cal glass or plastic pipe, with a floating device inside 
(Fig. 24.6); this device is lifted when the water starts to 
flow. Since the pipe is conical the height by which the 
floating device is lifted will depend on the magnitude 
of the water flow, because the area where the water is 
flowing is increased. A normal rotameter must be 
placed vertically to function. In a similar instrument 
the device is set on a spring with known characteris¬ 
tics, and this is compressed when the water flows by 
an amount that depends on the water flow. Vertical 
installation is not necessary for this flow meter. 

24.4.2 Measuring water pressure 

Water pressure is measured to control water levels 
in tanks or the pressure in pipes. If the pressure is 
too high or low a warning signal can be given. 

Diaphragm manometers are often used to meas¬ 
ure the water pressure. The principle is that pres¬ 
sure can alter the shape of a diaphragm (Fig. 24.7). 
An increase in pressure will change the form of the 
diaphragm and this change can be used to control 
an indicator. The manometer is fixed directly to the 
pipe where the measurements are taken. 

A bourdon tube manometer may also be used 
for pressure measurements (Fig. 24.7). This sys¬ 
tem consists of a hollow bent pipe that is con¬ 
nected directly to the place where the pressure is 
measured. When the pressure increases, the bent 
pipe will try to straighten as the pressure is con¬ 
siderably higher on the outside of the bend than 
on the inside because the area where the force 
acts is larger; this movement will be registered on 
a scale calibrated to show the pressure. There are 
also other devices using the same principle, such 
as pressure capsules and bellows. 



Higher pressure 
lifts the membrane 



Higher pressure straightens 
out the tube 

Figure 24.7 Membrane and bourdon manometers 
used to measure water pressure. 

Today, however, the most commonly used instru¬ 
ments are electronic load cells or pressure transduc¬ 
ers. They function because there is a small change in 
the resistance in an electrical circuit related to the 
pressure. A pressure transducer may be installed on 
the bottom of a tank or inside a pipe. 

24.4.3 Measuring water level 

Measuring the water level is necessary at various 
places to avoid overflows and water shortages. This 
can be carried out in a head tank or directly in the 
individual fish tanks. Water level sensors are nor¬ 
mally digital, sending a signal if the level of the 
water is below or above defined values. The system 
may also be analogue; this generates a signal that is 
proportional to the water level. 

Different types of electronic floats may be used for 
controlling the water level. The float will lie on the 
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Figure 24.8 A floating sensor used for monitoring and 
controlling the water level. 


surface and change position if the water level varies; 
this variation can be utilized to control the level. When 
this happens a signal will be sent and action taken, for 
instance switching the water supply on and oft A com¬ 
monly used float is the float switch or level rocking 
sensor (Fig. 24.8) that floats on the surface; if the water 
level decreases it will gradually become more upright. 
The sensor is located in the end of a cable and when it 
is in the floating position, there may or may not be 
contact between the two conductors located inside the 
float. If the sensor is hanging vertically an automatic 
switch will take the opposite position (open or closed 
as the case may be) to make or break the electric cir¬ 
cuit. This can then be used to control the water level. 
On submerged pumps this is a common method for 
starting and stopping the pumping, depending on the 
water level. Other methods are also used to measure 
the water level in fish farms, of which pressure sensors, 
as described above, are the most common. 

Capacitance sensors are becoming popular for 
monitoring water levels (Fig. 24.9). These sensors 
detect how well a material retains its electrical 
charge. Water may retain 80 times as much electrical 
charge as air and the sensor can therefore register 
changes in electrical charges associated with changes 
in water level. If the tank wall is thin, the sensor may 
be placed on the outside of the tank wall and will be 
capable of sensing whether the tank is filled with 
water or not. If the water level decreases to beneath 
the position of the sensor, an electrical circuit will be 
either opened or closed and a signal given. 

Water level can be controlled very accurately by 
ultrasound devices. A transmitter and receiver are 


Figure 24.9 Capacitance sensors used for measuring 
water level (A) in a pipe and (B) in a tank. 
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placed above the water surface. By transmitting a 
sound wave and measuring the time of reflection 
with the receiver, it is possible to calculate the dis¬ 
tance from the transmitter to the water surface and 
hence the water level. If the water level decreases, 
the time taken by the sound wave to travel between 
the transmitter and receiver will increase. 

24.5 Equipment for counting fish, 
measuring fish size and estimation 
of total biomass 

24.5.1 Counting fish 

To count fish manually on large aquaculture farms 
is very labour intensive, for example a juvenile 
production plant delivering 1 million juveniles to 
an on-growing plant. Therefore it is beneficial to 
do this automatically. The problem when counting 
fish automatically is to separate the individuals 
and to avoid two or more fish coming together and 
being counted as one. One challenge when devel¬ 
oping equipment for counting fish is therefore to 
find a way to separate the fish on an individual 
basis. 

Counting can be done when the fish are in or out 
of the water. Self-counting of the fish when they are 
put into water has been very difficult in practice 
because fish are reluctant to pass any obstacle vol¬ 
untarily (see Chapter 22). Some of the equipment 
used for counting fish can also be used for measur¬ 
ing the size of the fish (see section 24.5.2). 

A suitable place to count the fish is in connection 
with internal transport or grading. Here the fish are 
normally taken out of the water and it is quite easy 
to count them and carry out the other operations, 
most of which will also require counting to control 
the number of fish. 

One fairly cheap and simple method used to sep¬ 
arate individual fish is to let them slide in a convex 
V-shaped channel (Fig. 24.10). By having a convex 
channel the velocity of the sliding fish will gradually 
increase. This will separate the individuals and it is 
now quite easy to count the single fish, for instance 
with the use of light-sensitive cells. The light diodes 
create a beam that is broken by the sliding fish, 
which is thus counted. 

Counting of fish in water is normally done in 
connection with pumping or transport through 



Figure 24.10 Counting fish with a convex V-shaped 
channel and light cells. 


pipes. Some kind of camera is commonly employed, 
either a video camera or a linear camera. During 
the past few years camera technology has devel¬ 
oped rapidly together with the use of image analy¬ 
sis, which has also been utilized for counting fish 
(Fig. 24.11). The challenge when using cameras is to 
achieve good pictures, with sufficient contrast to the 
background because black and white images are 
commonly used. A chamber with proper light con¬ 
ditions is therefore required. This may be included 
on the pump pipe as a separate unit. To avoid two 
fish coming together and being counted as one, 
image analysis, either with two cameras or one cam¬ 
era and a mirror to give two pictures, is employed. 
This system may also be used to calculate the size 
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Figure 24.11 A video camera in a chamber used for 
counting fish and estimating their size. 


of the fish (see section 24.5.2) but then other 
algorithms are used. 

The difference in conductivity between water 
and fish may also be used to count them, but here 
also it will be difficult to separate the individuals. 

24.5.2 Measuring Ush size and total fish biomass 

It is no longer necessary to lift fish out of the water 
and weigh them to obtain a traditional weight sam¬ 
ple, or to lift them into a calibrated tank and use 
Archimedes’ law to calculate the weight of the fish 
group. Archimedes’ law can be used because the fish 
will displace a volume of water equal to their own 
volume. If it is assumed that 1L of water weighs 1 kg, 
the volume displaced in litres will be equal to the 
weight of the fish in kilograms. By having a scale on 
the tank wall the increase in water level can be moni¬ 
tored and in this way the biomass found. Equipment 
for measuring fish size and total biomass is useful for 
production planning and control, and also for decid¬ 
ing when to size grade and for planning harvesting. 


Today, various equipment is available for measur¬ 
ing fish size automatically whilst they remain in the 
water. The equipment used for automatic counting 
and weighing of fish can be classified according to 
whether the fish stay in or are taken out of the 
production unit. The first category comprises equip¬ 
ment that is lowered into the production unit and 
does not disturb the behaviour of the fish; the 
second normally comprises measuring equipment 
connected to a fish pump. 

Measurements where the fish stay in the 
production unit 

Several systems have been developed, mainly for sea 
cages, to measure either single fish size or total bio¬ 
mass of the fish in the cage, or a combination of the 
two. The reason for the interest in measuring in sea 
cages is due to the large amount of fish and high feed 
consumption. Good control of fish weight and devel¬ 
opment are therefore important. In a cage it is impos¬ 
sible to totally control environmental factors that 
affect the appetite of the fish. Neither is it possible to 
foresee exactly changes in environmental factors (i.e. 
the weather). Two principal methods dominate:^^ 

(1) Remote sensing by hydro-acoustics or sub¬ 
merged cameras 

(2) Detailed measurements obtained by leading 
the fish through a sensor for individual registra¬ 
tion, e.g. by optical, impedance, capacitance or 
ultrasound techniques. 

One commonly used technique based on the sec¬ 
ond method is a measuring frame.^^ This is a rectan¬ 
gular frame that is lowered into the cage. In the walls 
of the frame there are a number of light diodes 
placed in rows so they create a linear camera 
(Fig. 24.12). When the fish swim through the frame 
the light diodes create a shadow picture. Using a 
computer, the approximate size of the fish is calcu¬ 
lated, based on image analysis of the shadow picture. 
The system is based on a random sample of fish vol¬ 
untarily swimming through the frame during a given 
period. This will occur in cages because the fish are 
swimming voluntarily around in the cage. The num¬ 
ber of passages through the frame depends on the 
fish density. At fish densities between 10 and 20kg/m^ 
a typical swimming frequency is 30-200 fish per 
hour.^^ If two fish pass through the frame together, 
the image analysis will remove the picture as not 
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Figure 24.12 A measuring frame used to determine 
fish size in sea cages. 

being useful. Only the passages where a single fish 
passes through the frame and a good picture is 
achieved are used to calculate the average fish size. 
This is done based on a side view of the fish when it 
passes through the frame. The side area of the fish is 
highly correlated with its size. Based on the large 
number of measurements on single fish, the average 
fish weight with standard deviation can be calcu¬ 
lated for the total cage. Comparison of these data 
with the actual weight achieved at the slaughter¬ 
house has shown good correlation. The standard 
deviation gives important information about size 
variation of the fish in the cage and can be used to 
indicate when size grading is necessary. If the aver¬ 
age size of fish is known, it is possible to calculate 
the total biomass provided that the number of fish in 
the cage is known. When using such a system for cal¬ 
culating total biomass, it is of course very important 
to account for the dead fish, and there must be no 
unregistered escape of fish from the cage. To use the 
frame it is necessary that the fish swim voluntarily 
around in the production unit; it is not possible to 
use the system in fish tanks with a water flow, 
because here the fish will stay still in the water flow. 

Another method based on camera technology for 
finding the size of fish in a cage utilizes a stereo¬ 
video system.Two video cameras placed above 
each other in a rack with a known distance between 
them are used (Fig. 24.13). By taking pictures of 
the fish with both cameras, it is possible to calculate 
the distance from each camera to every point on the 
fish; image analysis will give the length and height 



Figure 24.13 Use of two cameras and stereoscopy for 
calculating fish size. 

of the fish and there is a high correlation between 
these measurements and the weight of the fish. 
Experiments using three cameras simultaneously to 
count fish in cages have also been performed.^® 

Video cameras like those used for counting fish can 
also be used for biomass estimation.^^^® This system is 
quite large for use in cages and it may be difficult to 
induce the fish to swim through the unit or channel 
voluntarily. When using such a unit in connection with 
pumping, this does not present any problem because 
here the fish are moved by force. By taking a picture 
from the side when it passes the video camera and cal¬ 
culating the area of the fish, its weight can be found. 

Hydro-acoustics is a totally different principle used 
for measuring total fish biomass in a sea cage and 
employs an echo sounder.^ This is actually the same 
method as used in traditional fishing to find where 
and at what depth the fish are swimming. It also gives 
some information about the amount of fish. An echo 
sounder contains a source that emits sound pulses at 
fixed intervals and a transducer which is normally 
placed below the cage. The source transmits sound 
pulses up to the water surface in the cage; this is the 
opposite direction to the echo sounders used on tra¬ 
ditional fishing vessels, which transmit sound pulses 
down to the bottom. When the sound pulse hits a fish 
it is reflected. A receiver fixed near the sound source 
beyond the cage receives this reflected signal (echo), 
which is travelling in the opposite direction to the 
sound pulse that was sent out (Fig. 24.14). The sound 
pulses are very short (1 ms is typical) and separated 
by longer intervals, during which the receiver is listen¬ 
ing for echoes before the next sound pulse is sent out. 
Therefore several echoes are received over the course 
of a minute. The size of the echo depends on the size 
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Figure 24.14 The principle used in an echo sounder for 
finding fish in the sea may also be used for finding the 
total biomass in a sea cage, but it is used in the opposite 
way with the receiver being placed under the cage. 

of the individual fish or fish shoal. By using an echo 
sounder it is also possible to obtain information about 
the behaviour of the fish and the depth in the cage at 
which they are swimming under various environmen¬ 
tal conditions. It is often the swim bladder of the fish 
that is the source of the echoes registered by the echo 
sounder; a good echo is generated here because the 
swim bladder is filled with air. Echo sounders are not 
used to measure the size of single fish with high accu¬ 
racy because the magnitude of the echo is highly 
dependent on the direction of the swim bladder in 
relation to the sound source and will vary if the fish 
is swimming upwards, downwards or horizontally. 


However, for the whole fish group it will give quite a 
good estimate. Echo sounders cannot be easily used 
in tanks because sound reflections from the tank bot¬ 
tom and walls will interfere with the measurements. 

Measurements where the fish are removed 
from the production unit 

It is possible to install a video camera in a pipe used 
for pumping fish or an ordinary pipe. This takes 
pictures from the side and eventually above, and cal¬ 
culates fish size from image analysis of the pictures 
(Fig. 24.15). The system is the same as described 
earlier for counting fish, the only difference being the 
image analysis program used to calculate fish size. 

24.6 Monitoring systems 

On an aquaculture facility it is necessary to control 
all the different factors involved in the management 
of the farm. This can for instance be a water quality 
factor such as the concentration of oxygen, ensuring 
sufficient water flow, or the correct water level in a 
head basin. Of course this can be done with manual 
measurements and observations, but is very time- 
consuming if done frequently. How regularly meas¬ 
urements must be taken depends on the economic 
consequences if something fails. In intensive fish 
farming with high stock density and much use of tech¬ 
nical installations that can fail, the need for regular 
measurement and control is obvious. The time avail¬ 
able for remedial action when something fails is also 
limited. Systems for automatic control are therefore 
used based on economic and practical consequences, 
especially in intensive fish farming. To illustrate this, a 
land-based marine fish farm that requires pumping to 
supply water to the fish can be used as an example. 
The importance of continuous control of the water 
flow into the fish tanks is obvious. 

A monitoring system comprises three major 
components (Fig. 24.16): 

(1) Sensors and measuring equipment which con¬ 
trol the conditions 

(2) A monitoring centre that receives signals from 
the sensors and measuring equipment, inter¬ 
prets them and eventually sends out alarm 
signals or signals to regulators 

(3) Equipment for warning when something is fail¬ 
ing and emergency equipment that is started 
and stopped by regulators. 




Instrumentation and Monitoring 


353 



Figure 24.15 A well boat equipped 
with a system for automatically 
measuring fish size when they are 
pumped. 


Water flow Oxygen level In water 



generator Phone to 
watchman 


Figure 24.16 A monitoring system comprises three 
major parts: the sensors, the monitoring centre and the 
warning equipment. 

Signals are transferred between the components. 
These are normally electrical signals via cables, 
although wireless connections may also be used. 
A monitoring centre is always equipped with a bat¬ 
tery back-up so that it can function independently 
whether or not there is an electricity supply. 

24.6.1 Sensors and measuring equipment 

To control the conditions a number of sensors 
which function as monitoring points in the alarm 
system can be used.^“ Sensors can be used to control 


water level, water flow or water quality parameters, 
all described earlier in this chapter. Sensors are also 
much used to indicate whether the electricity sup¬ 
ply is connected or not. The number of factors to be 
controlled determines the size of the monitoring 
system. From the sensors or measuring equipment 
electrical signals are sent to the monitoring centre: 
these can be digital signals (i.e. current or not cur¬ 
rent), for example from a level sensor where an 
electrical circuit is broken and the signal to the 
monitoring centre changes from current to no cur¬ 
rent. The signal may also be analogue, which means 
that the current coming into the monitoring centre 
varies depending on the value read from the sensor; 
an example of such an instrument is an oxygen 
meter. A current corresponding to the measured 
oxygen level is sent to the monitoring centre; thus if 
the oxygen concentration decreases, less current 
flows. Normally this is a low current signal of 
between 4 and 20 mA. 

24.6.2 Monitoring centre 

The construction of the monitoring centre that 
receives the signals, interprets them and eventually 
sends out signals to the warning equipment depends 
on the complexity of the system. Even though the 
monitoring centre is usually built especially for 
aquaculture facilities, it is based either on a pro¬ 
grammable logic controller (PLC) or a computer. 

A PLC can be visualized as an electronically 
operated switch system. It includes a number of 
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input channels and a number of output channels. 
Electrical signals from the sensors come through 
the input channels. The electrical output signals 
(i.e. how the switches are functioning) can be pro¬ 
grammed based on the input signals. Programming 
of the PLC is done using an external keyboard 
connected to the ‘brain’ of the PLC. Whether output 
signals will be sent, and through which of the output 
channels, depends on the input signals and the loca¬ 
tion of the switch system. In and out signals can be 
digital or analogue, or most commonly both. 

To illustrate the functioning of a PLC, take a sim¬ 
ple monitoring system on a farm as an example. The 
farm equipment includes a pump that delivers 
water to a head tank from which it flows under 
gravity to the fish tanks. Pure oxygen gas from an 
oxygen bottle can be added to the single fish tanks 
through diffusers at the bottom of the tanks. The 
following measuring instruments are included: a 
level sensor in the head tank and an oxygen sensor 
in each of the fish tanks. In addition there is a 
reserve pump on stand-by, a magnetic valve that 
controls the emergency oxygen supply, and a siren 
available on the farm. 

The programme for the PLC might be as fol¬ 
lows. If the water level in the head tank is too low, 
a signal will go from the level sensor to the PLC. 
The PLC is then programmed to send an output 
signal to the reserve pump to start it. If the oxygen 


Figure 24.17 By using a PC as the 
monitoring centre it is easy to obtain a 
picture of the farm and the status of 
each sensor on the computer screen. 

level in the tank is too low, the value input to the 
PLC is under a programmed value and a signal is 
sent out through the channel that controls the 
magnetic valve on the oxygen gas bottle. This 
will change from the closed to the open position. 
In addition, a signal is sent to the channel that 
starts the siren. 

If a computer is used as a monitoring centre it is 
normally equipped with special cards known as I/O 
cards or data acquisition cards (DAQ) that make it 
possible to import signals, including analogue sig¬ 
nals, and send out the same types of signals as the 
PLC. By using a computer the input signals can eas¬ 
ily be recorded and stored. It is also possible to get 
a hard copy of the time points for alarms, including 
which of the sensors registered the failure. It is also 
possible to obtain a picture of the farm, including 
the sensors and their individual status, on the com¬ 
puter screen, which makes visual control of operations 
easier (Fig. 24.17). Today, both PLC and PC are used 
in combined systems. 

24.6.3 Warning equipment 

From the monitoring centre electrical signals are 
sent through the output channels to external warning 
equipment. The warning equipment is installed on 
the farm and normally includes equipment that cre¬ 
ates both light and sound, such as warning lights and 
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Figure 24.18 A generator for providing electricai power 
in the event of a power faiiure on the farm. 

sirens. A telephone may also be included in the sys¬ 
tem. This dials fixed programmed phone numbers, 
among others to the watchman’s mobile phone. On 
more advanced systems, a message saying what is 
wrong appears on the telephone display. 

24.6.4 Regulation equipment 

The signals may also be used to start emergency 
equipment or to regulate the functioning of equip¬ 
ment. For instance, in the event of a power failure, a 
generator will start (Fig. 24.18).The equipment may 
also open emergency oxygen supplies to the fish 
tanks or start stand-by pumps. Often there is a 
combination of starting emergency equipment and 
starting external warning equipment. 

24.6.5 Maintenance and control 

For a monitoring system to be reliable it is very 
important to carry out proper maintenance and 
testing. The maintenance normally includes testing 


and calibration of the sensors. It is advisable to have 
a fixed routine for testing the monitoring system, 
for instance once a week. The sensors are then 
tested to ensure that the signals being emitted and 
also that the signals are being sent from the centre 
to the warning equipment. Emergency systems, such 
as electric generators and systems for adding oxy¬ 
gen, must also be tested at fixed intervals to ensure 
that they will function if a real emergency occurs. 
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25 

Buildings and Superstructures 


25.1 Why use buildings? 

Buildings or superstructure are used in aquaculture 
for several reasons. They will shelter the production 
facilities from environmental factors such as wind, 
sun, rain or snow and the working environment for 
the farmers will be improved. It also makes possible 
photo manipulation of the grown organisms, which 
is an important part of optimizing the farming con¬ 
ditions for different species, especially in the fry and 
juvenile stages and during maturation. 

The buildings or superstructure can be used to 
cover the entire farm, part of the farm, or only the pro¬ 
duction units. Buildings are used mostly on land-based 
fish farms; on sea-based farms they can be used for 
protection of feed storage on a barge and for housing 
the mess room and WC. In a land-based farm there 
will always be a building housing the toilet, mess room 
and office; it might, however, be an integral part of a 
larger building that also covers the production area. 

Building design and construction is a large 
specialist field and here only a very brief survey is 
given with special attention to aquaculture facilities. 
Many textbooks are available on the subject (see, 
for example, refs 1-4). 

25.2 Types, shape and roof design 

25.2.1 Types 

Several types of buildings can be used for aqua¬ 
culture facilities. On the basis of their construction 

Aquaculture Engineering, Second Edition. Odd-Ivar Lekang. 
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they can be categorized into different types, ranging 
from simple superstructures with or without walls 
to complete buildings (Fig. 25.1). Buildings can be 
insulated or uninsulated, and can be built for vari¬ 
ous lifetimes, either short or long. 

The simplest superstructure is a shadow net. This 
is used to prevent the fish becoming sunburned and 
to inhibit solar heating of the water. A slightly more 
advanced construction results when plastic sheeting 
or tarpaulin is substituted for the shadow net and 
a tent is created. Normally, a framework of steel 
pipes keeps this upright. The tent can either be for 
one tank or larger for the complete farm. On single 
tanks a hemispherical-shaped construction is com¬ 
monly used. It is also possible to have an insulated 
tent made of two layers of plastic with insulation in 
between. A bowed shape is a cheap construction to 
use here. 

However, a typical building is based on weather- 
tight walls and a roof made of fixed materials. The 
lifetime of such buildings is much longer than that 
of the simpler tent constructions. Buildings on the 
farm may have one or several storeys. It will be 
advantageous if there are possibilities for utilizing 
the terrain and hence gravity for internal transport 
of fish and feed. For instance, if small fish can be 
grown on the first floor and on-growing takes place 
on the ground floor, tapping of the fish to the on- 
growing department is possible, which allows a sim¬ 
ple system for internal transport of fish. The feeders 
may also be filled from the first floor if they hang in 
the roof of the ground floor over the fish tanks. 
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25.2.2 Shape 

Buildings may have different shapes. When think¬ 
ing of economy, the best shape for the building is a 
square or, especially, a rectangle. Angles in the body 
of the building will increase the costs. The reason 
for having angles must therefore be to improve the 
functionality of the building, for example by 
improving the feed or fish handling. 



Figure 25.1 Different types of buildings used in 
aquacuiture. 


25.2.3 Roof design 

The roof may also have a different construction. 
A ridge roof is the most usual, but a sloping roof may 
also be used. Normally a ridge roof will be the most 
economic. A flat roof may also be used, but is much 
more difficult to build correctly and is especially 
difficult to get completely watertight. In areas with 
snow a flat roof is not recommended; it may be 
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necessary to clear the snow, which is difficult. In 
addition, the weight of the snow will press the roof 
down, so a large and costly frame is necessary. The 
chosen shape and roof of the building will also 
depend on available materials. 


25.3 Load-carrying systems 

A load-carrying system keeps the walls upright and 
the roof in position; it also takes the weight of the 
roof which, in colder regions, also includes the load 
from snow. The cost of the load-carrying system is 
an important part of the total cost of the building. 

Various constructions are used as load-carrying 
systems; these are based, among other things, on the 
material used (Fig. 25.2). Either separate construc¬ 
tions can be used for the wall and the roof, or com¬ 
bined systems can be employed, where the walls 
and roof are integral parts of the load-carrying 
system. In the first case the wall system carries the 
roof; different types are explained later. 

When designing the load-carrying system, the 
necessary free span, i.e. the available floor area with 
no pillars, is of great interest. The size of the free 
span determines the size of the construction; a 
larger free span results in a larger construction. To 
reduce the size of the free span, pillars or internal 
walls are used to carry the weight of the roof at sev¬ 
eral points. The use of pillars will reduce the cost of 
the load-carrying system, but inhibit the use of the 
building, constraining internal handling and space 
utilization. 

Roof constructions that cover a large free span 
(above 10-15 m) are expensive. Long distances 
between the outside walls, without pillars or inter¬ 
nal walls, will increase the building costs because 
the size of the roof construction is increased. 

The timber lattice roof (W) truss is quite a com¬ 
monly used roof load-carrying system. It may be 
built on site, but is normally prefabricated. A free 
span distance of up to 12-13 m width is easily 
covered with such a construction. If the building is 
wider, it is recommended that pillars be used to 
take the weight of the roof, if the aim is to keep the 
cost of construction low; a load-carrying internal 
wall will have the same effect. This is a cheap and 
simple building construction. 

Steel, concrete or wood beams or trussed beams 
are also much used. They can be used on large free 


spans in excess of 20 m, and even up to 100 m if the 
beams are bowed, as in a velodrome. Trussed beams 
are favoured for large constructions. However, for 
this type of construction also, the costs increase 
exponentially with the free span. Longitudinal 
beams of wood or steel in the building give quite a 
simple construction, especially when used in free 
spans below 20-25 m; however, pillars are recom¬ 
mended if the span is longer. 

In combined systems, the load-carrying system 
for the roof and walls is integrated. A much-used 
construction here consists of large frames, either 
in steel or wood and often of a bowed shape, that 
are set into the foundations. The distance between 
the frames varies, but is normally in the range 
3-5 m, or equal to a section of the building. The 
rest of the wall and roof structure is also built of 
steel or wood and connected directly to the 
frames. A great advantage of this construction is 
that it is quite fast to erect, and can be used on 
large buildings with a large free span. The method 
is fairly expensive and will normally require 
cranes to erect the building. 

If the tanks are large, individual superstructures 
for separate tanks can be used. A cheap construc¬ 
tion uses a hemisphere created with a frame of steel 
pipes and a cover of tarpaulin. 


25.4 Materials 

Various materials are used for constructing build¬ 
ings (Fig. 25.3). Wood is simple to work with and 
simple to join together. Normally it is cheap, at least 
in smaller buildings and in areas with timber. It is 
used in walls, roofs and load-carrying constructions. 
To increase the strength and the length, glued 
beams can be used. Wood may also be part of con¬ 
structions, for example in chipboard panels. 

Metals such as steel or aluminium are also quite 
easy to work with; pieces are either welded or 
screwed together. Metals are much used in load¬ 
carrying constructions, such as beams or frame¬ 
work. Metal plates are used for covering interior 
and exterior surfaces on walls and roofs. 

Concrete is a widely used building material. It is 
made of a mixture of sand and gravel with cement 
that functions as a glue, and water. After mixing 
followed by some hardening time this makes a per¬ 
manent construction. The method of mixing and 



14.4 





Measured in m 

20 tanks of 20 m 



Figure 25.2 Different load-carrying systems can 
be used to keep the walls upright and the roof in 
position. 
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Figure 25.3 Different materials used in buildings on aquaculture plants: (A) wood panelling; (B) metal sheets; 
(C) concrete; (D) lightweight concrete blocks. 
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proportions of materials used will give concrete of 
different strengths. 

Concrete has good compressive strength but 
poor tensile strength. Therefore iron is used, 
either as rods or mats, as reinforcement in con¬ 
crete to enable it to withstand tension, while the 
concrete can withstand compressive forces. In 
small constructions, concrete is quite simple to 
handle and work with, and in addition is fairly 
cheap. It can either be mixed on site or in a fac¬ 
tory and delivered in special trucks ready mixed 
but not hardened. This latter method is most nor¬ 
mal in larger constructions. 

Concrete can also be delivered as prefabricated 
elements which are finished and hardened. 
Elements, such as beams, may also be pre-stressed 
to increase tolerance to higher forces without 
increasing the weight too much. Sizes of compo¬ 
nents vary from small blocks to bars to complete 
parts of buildings, such as wall elements or roof 
elements. Concrete may also be used for beams 
in load-carrying constructions. 

A lightweight version of concrete is also available 
as blocks and bars. Here the gravel is replaced with 
a light material, for example expanded clay 
products. 

25.5 Prefabricate or build on site? 

Buildings can be built on site from the foundations 
up or can be delivered as prefabricated parts that 
are assembled on site. Various sizes of prefabricated 
elements can be delivered; options include the 
degree of finishing. These elements could be com¬ 
plete parts of the walls or the roof, where every¬ 
thing is finished.The time to establish a prefabricated 
building is, of course, much less than for buildings 
constructed on site. Whether prefabricated build¬ 
ings are to be used or not depends on the price, 
which will vary from case to case depending, among 
other factors, on the freight costs. The available 
building period will also influence the final choice. 

25.6 Insulated or not? 

In a cold climate, the building should be insulated if 
the air inside is to be temperate. The greatest 
amount of heat is lost through the roof; it is also lost 
through the walls and the floor. In addition, there 


are high heat losses through the windows and doors. 
The thickness of the insulation depends on the 
climate and winter temperature; lower winter tem¬ 
peratures mean that more insulation is required. In 
walls and roofs, mineral wool made of glass or rock 
is used for insulation; expanded polystyrene (PS) 
is commonly used in the floor when this is of con¬ 
crete. All these materials have a low k value (see 
Chapter II). PS can also be used in walls or roofs 
providing it is covered by concrete. This is because 
it can produce toxic gases if it catches fire. Taking 
Norway as an example, it is normal to use 20 cm 
mineral wool in the walls and 40 cm in the roof. The 
PS in the floor is 10 cm thick (equivalent to 25 cm of 
mineral wool, which has a higher k value. 

Whether insulation is to be used or not depends 
on the rooms and how they are utilized. The office, 
mess room and toilet are normal insulated in cold 
climates. Whether the production rooms are insu¬ 
lated or not depends on the desire to improve the 
working environment. 

If the building is insulated, it will be of sealed 
construction so it will be necessary to use a ventila¬ 
tion system to ensure exchange of the air inside. If 
the walls are not insulated and airtight, the wall 
construction can be open so that a ventilation sys¬ 
tem is not required. Then the wall can be simply 
made with split panels or only a plastic grating; 
natural air exchange is thus ensured and there is 
no need for ventilation. However, windy conditions 
inside will be avoided. 

25.7 Foundations and ground 
conditions 

When starting to build, proper foundations are very 
important to prevent the construction moving after 
the building is finished. Important components may 
break if the foundations move under the load from 
the building. 

The ground conditions must be suitable for erect¬ 
ing a building. Rock, stone and sand/gravel form 
good building ground, while clay and silt are not as 
suitable because they are less stable. In colder 
regions, where the ground freezes in the winter sea¬ 
son, clay and silt are not recommended for building 
ground, because the frozen ground will create 
movement in the building during freezing and 
thawing. The ground must carry the weight of the 
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building, which makes marshy areas unfit for nor¬ 
mal building constructions unless special precau¬ 
tions are taken, such as having raft construction as 
the foundation for the building. 

Foundations are normally laid as concrete slabs. 
In areas with frozen ground, insulation under the 
slabs is necessary to avoid problems with heave. 
Alternatively, a ring foundation wall that goes down 
to frost-free ground must be used to ensure that the 
frozen ground does not affect the building. Normally 
this is recommended to be below 1.5 m depth, but 
this varies with the depth of the frozen ground. It is 
important to use drainage pipes to ensure that 
water is removed from the proximity of the walls to 
avoid possible movement. 


25.8 Design of major parts 

25.8.1 Floors 

In aquaculture facilities concrete is normally used 
for the floor (Fig. 25.4). Iron mats or rods are used to 
reinforce the concrete. The normal slab thickness is 
10-15 cm, but might be greater under the walls and 
pillars because the floor needs to withstand the 
additional weight transferred from the wall or pillars. 
In cold climates is it necessary to use PS as insulation 
under the floor. To avoid frost heave either flank 
insulation or a ring foundation can be used for the 
building. Flank insulation is laid under the surface 
and extends 1.5-2 m outside the flanks of the build¬ 
ing, thus preventing a build-up of frost in the ground 
close to the building. A ring foundation is laid below 
the frozen ground and ensures that the building 
remains independent of the frozen ground. The 
thickness of a ring foundation wall is 10-20 cm and 
typical depths are 1.5-2 m below ground level. 

In the production room at least, it is necessary to 
have a smooth surface on the floor that is easy to 
clean. It is normal to seal the floor with some type 
of epoxy two-component paint, especially suitable 
for concrete surfaces, to increase the smoothness 
of the floor so that it is easier to clean. However, it 
must not be too slippery; in the walkways, sand 
grains can be included in the epoxy paint. 

To keep the floor clean and dry, it is important to 
have sufficient slope on the floor and enough gul¬ 
lies to collect the water; the recommended slope is 
from O.I to 1%. It is better to have too great a slope 


Coating 
Concrete 
Plastic sheet 
Expanded polystyrene 
Levelled layer of sand 
Gravel or crushed rock 
Ground 

Concrete 

C ,, I _ Even layer of sand 

y77777?777777777777P7i\^ _Ground 

Figure 25.4 Normal method for constructing a con¬ 
crete floor in a production room. 

than too little. Farms have also used heater cables in 
the concrete floor to keep the floor dry, but this is 
very expensive. 

25.8.2 Walls 

The walls must be constructed to stay upright and 
keep the roof in position, keep the building stable, 
and prevent wind damage to, or deformation of, the 
building. How the wall is constructed depends 
whether it is insulated or not, the material used, and 
the load carrying system employed. 

If the wall is not insulated, an open construction 
is recommended, because then no ventilation 
system is necessary and the air inside will be the 
same as the air around the building. However, it is 
an advantage to have some walls to shield the inside 
of the building from the wind. 

A closed or insulated wall construction, if this is 
necessary, consists of the following three major parts: 

(1) An exterior covering to shelter and protect the 
load-carrying system 

(2) A wall construction including the load-carrying 
system and insulation layer 

(3) An internal covering to screen the inside and 
protect the load-carrying system. 

These parts can be separate, or all the parts can be 
included in one construction, depending on the 
material used. 

Several materials can be used for construction of 
the wall (Fig. 25.5). One major material could be 
used or the wall can be a mix of different materials. 
The major materials are wood, steel and concrete. 
A normal weather-tight wall (the same principle is 
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construction. This is a thin clear plastic sheet, and is 
of great importance in protecting the wall against 
high humidity and possible decay. 

Timber framework is widely used; typical plank 
sizes are 5 x 10 cm, or 5 x 15 cm, which gives walls of 
thickness 10 cm or 15 cm, respectively. The planks 
are joined to form a frame that is torsion stable in 
every direction. The frame is typically covered on 
both sides with metal plates or wood panelling. 

If using concrete, the thickness of the walls is 
10-30 cm, and iron bars are used as reinforcement. 
If the building is insulated, PS can be an integral 
part of the wall. Because the PS is enclosed in con¬ 
crete, problems with toxic gases from the PS in the 
event of fire are avoided. When building concrete 
walls, formwork must be used on both sides before 
the concrete is poured in and the hardening process 
can take place. Concrete blocks or light concrete 
blocks may also be used. This is a simple way to 
build a wall, where no formwork is needed. The 
blocks are laid with cement mortar. Blocks are also 
delivered with integral insulation. The concrete or 
concrete blocks represent the total wall construc¬ 
tion, and will keep the roof in position, so they func¬ 
tion as the load-carrying system. 

The exterior and internal coverings are easy to 
apply to concrete walls. The concrete can be plas¬ 
tered and painted so a smooth surface that is easy to 
clean can be established on both sides (Fig. 25.6). 
When using concrete and light concrete, a weather- 
tight construction is achieved. Some kind of ventila¬ 
tion is therefore necessary, even if the walls are not 
insulated, to avoid excessive humidity. 


Figure 25.5 Construction of a wall. 

also used in the roof) of wood or steel can be con¬ 
structed as described below. 

The exterior covering that protects the wall con¬ 
struction and prevents ingress of rain and wind can be 
wooden boarding or metal plates (steel or alumin¬ 
ium). Under these boards or plates, sheathing card¬ 
board or plates can be used to stop strong wind and 
driving rain penetrating into the wall construction. 

In the farming room, plastic-covered chipboard 
sheets or metal plates can be used for the internal 
wall covering. To avoid humidity from the produc¬ 
tion room penetrating into the wall, a vapour 
barrier is used under the plates and on the wall 


25.9 Ventilation and climate control 

In a building with a weather-tight wall construction, 
there is no exchange of air. After working in such an 
environment for a time, the air quality will gradually 
decline because no new oxygen is added and no car¬ 
bon dioxide removed. Exchange of air (ventilation) 
is therefore necessary. 

Both in areas for water treatment and in the fish 
production rooms there are large free water sur¬ 
faces. This will increase the humidity, which means 
that there are large amounts of water vapour in the 
air. The material and equipment to be used in the 
room must be able to withstand high humidity. 

The amount of water that the air can take up 
depends on the air temperature (Fig. 25.7); if this 
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Amount of water in the air g water/kg air 

Figure 25.7 The amount of water that can be taken up 
by air depends on the temperature. 

drops the amount of water that can be kept in the 
air is reduced and condensation will result. Typical 
surfaces that have a lower temperature and where 
condensation will accumulate are exterior walls, 
windows and floors. Excessive humidity can cause 
problems with the feed. Especially problematic is 
when the feed is taken from a cold room; because 


Figure 25.6 It is important that 
surfaces are easy to clean. 

the feed is colder than the new surroundings, water 
will condense on its surface. Problems with humid¬ 
ity occur when the water temperature is high and 
it is cold outside the building. To avoid these, the 
humidity of the air must be reduced. Two things 
must therefore be done: exchange of air to improve 
the air quality and reduction of the humidity. These 
problems can be solved in combination or sepa¬ 
rately, and a number of methods and solutions are 
available. 

One method of reducing the humidity in the air is 
to use a dehumidifier. This functions in the same 
way as a heat pump or a refrigerator. A fan blows 
the air from the room over a cold surface (the evap¬ 
orator); the water in the air condenses on the sur¬ 
face and is collected in a tray. Since the temperature 
of the air is reduced, the amount of water that the 
air can contain will be reduced. Afterwards the air is 
transported over a heated plate (the condenser) 
and its temperature is increased; because of this the 
humidity is decreased even more. 

Another method to reduce the humidity is to 
increase the air temperature 2-3°C above that of 
the water. However, it is difficult to achieve a higher 
temperature in all parts of the building; this shows 
the importance of good insulation in all cold areas 
of the building. In practice, this is difficult, because 
there will always be parts of the building where the 
temperature is lower and condensation will occur. 
Otherwise the room temperature must be very high. 
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Figure 25.8 A ventilation system containing an air-to- 
air heat exchanger. 


the air pressure. The air from outside will then flow 
in through air valves in the walls due to the partial 
vacuum inside the building. In this way good air 
exchange can be achieved. Alternatively, air from 
outside can be forced into the building with a fan 
and inside air forced out through valves in the walls. 
This is not recommended, because humid air will 
be forced into equipment and the fabric of the 
building. 

To recover the energy from the air that is taken 
out, heat exchange with the inflowing air can be used. 
An air-to-air heat exchanger is shown in (Fig. 25.8). 
Air is withdrawn with a fan, and an equal amount 
of new air is dragged in via a pipe system. A neutral 
pressure is then created inside the room. 

Another method is to use a so-called breathing 
intermediate ceiling. The phenomenon utilized is 
that hot air will go upwards because it is less dense 
than cold air. A special open ceiling through which 
the hot air can pass is then used to create a small 
vacuum in the building and new cold air can be 
taken in from outside through valves in the wall. Of 
course, a combination of the different methods may 
also be used. 

To avoid the need for ventilation, as mentioned 
previously, an open wall and roof construction can 
be used. This requires free circulation of air from 
the outside to the inside. Split panels or plastic 
gratings are examples of this. In addition, an open 
roof ridge can be used, so that hot air can escape. 
This is a specially designed roof part. 


which is very expensive. Good circulation of air 
in a room is also very important when using such 
methods to smooth out temperature differences. 

Combining reduction in humidity with ventila¬ 
tion is also a solution. Air from outside normally 
has a lower humidity than air inside a building. By 
bringing air in from outside to replace the air inside, 
humidity is reduced and ventilation enhanced. 

The simplest way to achieve ventilation is to 
create a small vacuum inside the building. Using a 
fan that blows air from inside the building reduces 
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Design and Construction of 
Aquaculture Facilities: Some Examples 


26.1 Introduction 

The design and construction of a production plant 
for aquaculture depends on a number of factors, 
including the intensity and size of the production. 
Production plants can be classified according to 
whether the production is based on fresh water or 
sea water, and whether it is onshore or offshore. The 
development stage of the organism may also be used 
as a basis for classification. A farm may produce eggs, 
fry, juvenile or on-growing fish ready for market, or it 
can have a complete production system with all life 
stages, from eggs to harvesting, on the farm. 

In this chapter some general examples of farm 
design are given. The focus is on intensive fish farms 
because such farms use technology to the greatest 
extent. A land-based farm for hatching and juvenile 
production, and a sea-based farm for on-growing 
are used as examples. 

26.2 Land-based hatchery, juvenile 
and on-growing production plant 

26.2.1 General 

Land-based production may be classified according 
to the production units used: tanks or earthponds. 
The tanks can either have circular water flow or be 
raceways. Here the focus is on intensive farms 
having tanks with circular flow, because this system 
can give the largest production per unit surface area. 


The design of an intensive land-based farm 
depends on whether a flow-through system or a 
re-use system is used. A re-use system will reduce the 
amount of new inlet water necessary, but the need 
for equipment for water treatment increases. The 
design will also depend on whether the re-use units 
are placed on single tanks, or whether one re-use unit 
is centrally placed to serve several tanks. In a plant 
with a water re-use system, the amount and size of 
the equipment for water treatment is increased, and 
the same will be the case for the required area. 

A land-based farm for hatching and juvenile 
production based on intensive production and a 
flow-through system can be separated into the 
following sections (Fig. 26.1): 

• Water intake and water transfer to the farm 

• Water treatment 

• Hatchery 

• First feeding 

• On-growing 

• Feed storage 

• Workshop, staff room 

• Wastewater treatment 

• Equipment for feeding and handling that could 
be integral parts of the farm construction. 

26.2.2 Water intake and transfer 

The design of the water intake and transfer system 
depends on whether the water source is at a higher 
altitude than the farm, so the water flows under 
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Figure 26.1 Main parts in an intensive drifted iand- 
based farm for hatching and juveniie production. 

gravity into the farm, or whether the source is on the 
same or at a lower level than the farm, so that pump¬ 
ing of the inlet water is necessary. If possible, the first 
alternative is of course recommended (Fig. 26.2). 

Transfer pipes can be quite large, and therefore 
expensive, so it is recommended to have as short 
a distance from the water source to the farm as 
possible. If the distance is more than 500 m, the 
cost of the inlet pipe will be considerable. Hence 


land-based fish farms should be located as close to 
the water source as possible. The same is the case 
for the distance between the farm and the recipient 
water body, if the effluent water is to be transported 
through a pipeline. 

If the water is to be pumped into the farm, a 
high lift head is not recommended because this 
increases the pumping costs; heads of 10-15 m will 
result in quite large costs. If such conditions pre¬ 
vail, the case for increased oxygenation and use 
of recycling systems must be evaluated in order 
to reduce the amount of water needed and hence 
reduce the operating costs of the farm. 

Water inlet 

The inlet design depends on the source: lake, river, 
groundwater or the sea. 

Lake: In lakes deeper than 10-20 m there is 
normally thermal stratification. The ratio between 
water temperature and water density causes this 
stratification. Because water is most dense at 4°C, 
water at this temperature will sink to the bottom 
and warmer water will float on top. In areas where 
the water temperature falls below 4 °C in the winter, 
there will be mixing of water during spring and 
autumn. In the autumn, the surface temperature is 
reduced; when it reaches 4°C mixing will occur 
because all the water will have the same density and 
only a slight breeze on the surface will ensure 
mixing. Strong winds may also result in mixing of 
water in the column at other times of the year. 

It is normal to divide the water column into three 
layers: the surface layer (epilimnion), a layer with 
a steep temperature gradient where a large differ¬ 
ence in temperature occurs (metalimnion), and 
the bottom layer (hypolimnion) (Fig. 26.3). The 
depth at which the steepest temperature increase/ 
decrease occurs is known as a thermocline. Water 
collected from below this depth is said to have 
been collected below the thermocline. If there is 
such a layer in the lake it is recommended that 
the inlet be sited below the thermocline to avoid 
temperature variations that are large and difficult 
to control. Two intakes can be installed, one above 
and one below the thermocline, so that the warm 
surface water can be used to increase fish growth, 
but then possible problems with fouling must be 
taken into account. 
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Water intake based 
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Figure 26.2 Water sources supplying 
the farm under gravity are recom¬ 
mended to avoid pumping. 
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Figure 26.4 Methods for installing 
the iniet pipe to avoid bottom mud 
being dragged into the iniet pipe. 


In a lake the inlet pipe is normally laid on the 
bottom. The pipe must be correctly aligned, and 
large stones and deep cracks avoided; regular 
sloping of the bottom is advantageous. Underwater 
cameras or an echo sounder should be used to align 
the pipe before it is fixed in position with weights. 
These are normally concrete blocks clamped to the 
pipe; the distance between them depends on the 
pipe size and water flow. 

The actual inlet ought to be placed some distance 
from the bottom to avoid mud and small stones 
being sucked into the inlet pipe. This can be 
achieved in different ways, for instance by adding a 
float at the end of the pipe or by using an elbow 
that directs the pipe upwards in the water column 
(Fig. 26.4). To avoid fish and other large substances 
being dragged into the inlet pipe, a screen is used at 
the orifice. The water velocity through the screen 
must not be too great so that small fish and other 
objects are not sucked onto the surface of the screen 
and block the inlet. Water inlet velocities of less 
than 0.1 m/s are recommended, while in the inlet 
pipe itself flows of 1-1.5 m/s are used. Polyethylene 
has proved to be a suitable material for inlet pipe¬ 
lines, because it is both reasonably priced and to 
some extent will follow the contours of the terrain. 

Sea: In the sea the same principles for an inlet in a 
lake are used. However, the thermocline is normally 
located deeper in the sea, normally from 30 to 70m. 
Here also it is advantageous to have the inlet below 
the thermocline. The water temperatures will then 
be predictable, at least when the farm has been in 
use for some years, or if much historical data are 
available. For future production planning predict¬ 
able temperatures are a great advantage but pre¬ 
dicting surface water temperature is impossible. 
Another great disadvantage with having the water 


inlet above the thermocline and close to the surface 
is the problem of fouling inside the pipe. With high 
water temperatures, the inlet pipe will become 
totally fouled quite quickly and water flow will be 
dramatically reduced. Facilities to clean the inlet 
pipe must, in such cases, be an integral part of the 
construction. 

For water inlets at great depths, it will be difficult 
to clean the grating if it becomes blocked, so self¬ 
cleaning inlet gratings should be used (Fig. 26.5). 
Another, and probably better, solution is to place 
the grating in the pumping station near the surface 
instead of at the end of the inlet pipe. The inlet pipe 
is now completely open at the bottom; objects will 
be swept in with the water but are stopped by the 
grating in the pumping station. A funnel at the start 
of the inlet pipe may also be used. This will reduce 
the water velocity and at the same time the resist¬ 
ance head (see Chapter 2). In the pumping station it 
will be quite easy to inspect the grating visually and 
remove accumulated debris. 

An infiltration intake may also be used if ground 
conditions are suitable. As with infiltration inlets 
from rivers described below (Fig. 26.6), various 
designs of inlet are possible.^ For example, a well 
can be built on the beach but the beach material 
must be sufficiently permeable. 

The cost of inlet pipes in the sea can be consider¬ 
able, because they must be long enough to reach 
adequate depth and be below the thermocline; a 
good site therefore has a short distance to the 
acceptable depth, so deep water close to the shore is 
advantageous. A site on a long shallow coastline is 
normally poor. 

River: When the inlet source is a river, the location 
of the inlet is very important. Rivers normally 
transport a lot of suspended particles and larger 
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(B) 




Figure 26.5 The inlet grating can (A) be made self-cieaning or (B) piaced within the pumping station so that it is close 
to the surface and easily available for cleaning. 


objects that are unwanted in the inlet water to the 
fish farm. The autumn period is especially critical 
when a lot of fallen leaves are transported in the 
water. Floods will also be critical because the 
amount of suspended particles in the water 


increases due to erosion. The inlet ought therefore 
to be laid in an area where the velocity of the river 
is low and there might be some settling of particles 
before the water enters the inlet. This will for 
instance occur in areas where the river enlarges in 







Filtration material 





Figure 26.6 An infiltration intake 
ensures that the iniet water is purified 
before entering the farm. 
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depth or width. To avoid larger objects entering the 
inlet pipeline, a solution is to cover the orifice with 
a screen; this may also be of the self-cleaning type, 
a rotating screen or equivalent (see Chapter 6). 
Another solution is to use an infiltration intake, 
if adequate material such as sand or gravel is 
available (Fig. 26.6). A basin may then be exca¬ 
vated close to the river; the river water is not then 
taken directly from the river but from the basin 
close to where the water enters by infiltration 
through the loose material. Purification of the 
water is then achieved during infiltration. 

Groundwater: Groundwater, whether fresh or salty, 
could be used with advantage for aquaculture facili¬ 
ties because of its stable temperature and low con¬ 
tent of microorganisms such as parasites, bacteria 
and viruses. The quality of the water should be 
checked before use because it may contain exces¬ 
sive concentrations of metal ions such as iron and 
manganese.^ Proper aeration is also important 
because the oxygen concentration is always low 
and the concentration of carbon dioxide can be 
very high. In addition, groundwater may contain 
toxic concentration of hydrogen sulphide (Fl^S) 
due to anaerobic decomposition in the ground. If 
drilling for groundwater on the shore or even some 
distance inland, the water may be salty (Fig. 26.7) 
because sea water may be forced in, depending on 
the ground conditions. 

Groundwater must always be pumped; artificial 
water supplies will seldom be of a size necessary 
for aquaculture facilities. Even with traditional 
groundwater it is difficult, because the amount is 
normally quite low. Groundwater may either be 
found in mountains or in loose materials. If drill¬ 
ing wells in rock it is rare to obtain a flow above 


50L/min; in suitable loose materials, for instance in 
old glacial areas, the flow can be up to several 
hundred litres per minute. 

Groundwater is taken from wells (Fig. 26.8). To 
establish a well in the mountains a special drilling 
rig is used; such wells can be very deep (more than 
100m). A specially designed small-diameter pump, 
normally a multistage centrifugal pump, is lowered 
into the well. 

Normally wells are vertical, but horizontal wells 
can also be used in loose materials. Wells can be 
either excavated or drilled. The choice depends on 
the water table in the area; if it is deep, wells are 
drilled using special drilling rigs like those com¬ 
monly used when drilling for oil. The inside of the 
well shaft is lined with a riser pipe to prevent sand 
and other loose material falling into the well and 
filling it up. When using excavated wells, excava¬ 
tors are used to make a hole that goes below the 
water table; the depth that the excavator can reach 
limits the depth of the well. A basin built of con¬ 
crete rings, for example, is lowered into the exca¬ 
vated hole. The bottom of the basin is open and 
filled with a layer of gravel that filters the ground- 
water forced into the well. A submerged pump can 
now be lowered into the well. A dry-placed self¬ 
priming pump can also be used; it is set above the 
surface with a pipe down into the well. 

The shaft of a horizontal well is set horizontally 
in the ground. One possible solution is to put 
drainpipe in it and collect the water from the pipe. 
Another solution could be to use a combination 
of an excavated vertical well and horizontal well. 
From the vertical well horizontal drainpipes are 
laid as spokes in a wheel; thus more water is 
drained into the vertical well, because a larger area 
is tapped. 



Figure 26.7 When drilling for groundwater 
close to the shore, salt water may be found 
instead. 
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Figure 26.8 Types of groundwater 
well: (A) drilled well; (B) excavated well; 
(C) horizontal well with drainage pipes 
to increase the area that drains to 
the well. 


Pumping station 

If pumps are used to transfer water to the farm, a 
pumping station is needed. The pumps are either 
dry placed or submerged. Special equipment is 
necessary to make dry-placed pumps self-priming if 
the pump is installed at a higher level than the 
sea water. If such pumping stations are used, special 
care must be taken to avoid sucking of ‘false air’. 
Dry-placed pumps may be installed in a well where 
there is pressure from the water, so circumventing 
this problem; this specially designed well must, in 
these cases, be excavated and cast. Submerged 


pumps will always be placed in some type of well 
(Fig. 26.9); both propeller and centrifugal pumps 
can be used. Propeller pumps are recommended 
with large water flows and low lift height (below 
10 m). If submerged pumps are used, the shore 
where the pumping station is to be placed must be 
shielded from the waves. It is also recommended 
that areas with large waves are avoided when siting 
pipes to dry-placed pumping stations. There is 
also experience with drilling the inlet pipe in rock 
and siting the entire pumping station inside a moun¬ 
tain.^ The pumping station can also be placed on the 
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seashore and water is led into the station through 
pipes. This requires appropriate ground conditions, 
sand or gravel for example. 

For emergency reasons, the water should be 
supplied to a farm using at least two pumps. It is 
important that the total efficiency of the pumps is 
high to reduce the cost per cubic metre of water. If 
the requirements for water delivery vary, it could be 
advantageous to use several pumps of different size; 
however, standardization of the pumps so that it is 
possible to change spare parts and have a common 


stock of the most needed spares will be difficult in 
such cases. There should be at least one stand-by 
pump in the pumping station. A programme that 
alternates between the pumps should be used so 
that all pumps will be run for some period. In this 
way the stand-by pump is always in use and not 
found to have seized up with rust when needed. 

The pumps are installed in a pumping station. 
Dry-placed pumps are placed in a building onshore. 
For submerged or dry-placed pumps in a well, the 
pumping station is placed below the low tide 
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mark in the sea. The pumping station is often made 
of prefabricated concrete or fibreglass. Submerged 
pumps should be placed on guide rails so that is 
easy to take them up for maintenance. 

Transfer pipeline 

As mentioned earlier, transfer pipes should be 
as short as possible to avoid unnecessary expense. If 
only a low head is available (< 5 m) or if the water is 
pumped, it is especially important to use piping that 
is as smooth as possible. Single resistances with high 
friction coefficients must be avoided; 90° elbows 
should be substituted with shallower bends, for 
instance three 30° elbows or one long smooth elbow. 
Reduced velocity through the pipelines could also 



Figure 26.10 A power generator may be included on 
the transfer pipeline if there is a large height difference 
between the water source and the fish farm. 


be used to reduce the friction loss, but it must be 
above 0.5 m/s to avoid settling. 

If the water source is at a sufficiently higher 
altitude than the farm (> 30 m), the water velocity in 
the pipeline could be very high; velocities above 
3 m/s should be avoided to prevent breakage in 
the water column and vacuum effects. Increased 
velocities will also increase the requirements for 
anchoring the pipes. In such circumstances a small 
water turbine can be installed to utilize the energy in 
the inlet water (Fig. 26.10); it is important to choose 
one made of material that is not toxic to the fish. 
After the turbine, it is important to aerate the water 
to avoid possible supersaturation with nitrogen gas. 

Care must be taken if the pipe is laid over a hill or 
ridge (high crest) from a lake and is functioning as a 
siphon (Fig. 26.11) because a vacuum effect will 
occur on the top crest and the pipe may collapse. 
To avoid this, it is important to use a pipe of a 
sufficiently high pressure class which has a thick wall. 
Another problem that may occur when the pipeline 
is not evenly sloped in one direction is the creation of 
gas bubbles at the crests. Normally there will always 
be some gas bubbles in the water and they will collect 
at the crests; when numerous bubbles collect at this 
point the effective cross-sectional area of the pipe is 
reduced. This will again reduce the water flowing 
through the pipe and in the worst case the water flow 
can be totally blocked by the gas bubble. The use of a 
siphon on the inlet pipe is therefore not optimal, and 
if possible should be avoided. Instead of laying the 
pipe across the shore of a lake it may be advantageous 
to excavate a channel out of the lake in which the 
pipe is placed. It is also important that the pipe is laid 
with a good and even slope. 



Figure 26.11 On a high crest there may 
be a vacuum in the inlet pipe. 
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If there are possibilities for gas collection at 
points in the transfer pipeline or pipelines inside 
the farm, special degassing valves can be used. 
These can be automatic and discharge gas when 
necessary. Degassing can also be done manually by 
installing a valve at the critical point in the pipeline 
and open it at fixed intervals. It should be remem¬ 
bered that there must be pressure in the system 
when the valve is opened to force the gas out. The 
valve can be closed as soon as water comes out. In 
a siphon construction a special valve must be used 
to avoid breaking the siphon. 

If fouling occurs in the inlet pipeline, it can be 
cleaned out by sending plugs through the inlet pipe 
(known as ‘plugging’). The cleaning plug can be 
inserted at the start of the inlet pipe and withdrawn 
at a point inside the farm (Fig. 26.12). The plug can, 
for instance, be made of some type of foam rubber. 



Figure 26.12 A cleaning plug for sending through the 
pipeline to remove fouling. 


It is important to have enough water pressure to 
force the plug through the transfer pipeline. 

26.2.3 Water treatment department 

In this department the equipment to control and 
eventually improve the water quality is installed. It 
is a very difficult department to design well, espe¬ 
cially when much equipment is needed (Fig. 26.13). 
In several established farms this department looks 
a mess. When planning, it is important to allow 
sufficient space. The department will, in all proba¬ 
bility, be changed and modified several times. It is 
advantageous to include several valves in the system 
so that water flows can easily be stopped and sent in 
different directions. It must be possible to remove all 
the individual pieces of equipment without having 
to shut off the inlet water supply to the farm. 

The amount of equipment needed in this depart¬ 
ment varies with the quality of inlet water and 
therefore the need to treat it. In this department 
equipment is typically installed for; 

• Aeration 

• Disinfection 

• Oxygenation 

• pH control 

• Removal of suspended solids 

• Heating and cooling. 

If using a central re-use system, the equipment for 
ammonia removal and the re-use pumps may also 
be placed here. 

Before starting to plan a water treatment depart¬ 
ment on a new farm, it is always recommended that 
a flow chart be drawn that includes the different free 
water surfaces to prevent mistakes (see Chapter 27). 
It is quite normal to site the water treatment depart¬ 
ment in two rooms, a machine room and a water 
treatment room. Equipment for oxygen production 
together with equipment for heating and cooling 
can be placed in the machine room. In the water 
treatment room there are large free water surfaces 
and therefore high humidity, so proper ventilation is 
necessary here. Examples of equipment placed in 
this room include that for aeration, ammonia 
removal and solids removal. By having two rooms, 
the expensive mechanical equipment can be placed 
in a separate room with lower humidity. 

It is advantageous to locate some equipment 
close to the water inlet or where the water transfer 
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Figure 26.13 Good planning of the 
water treatment department is a 
challenge because there are several 
components and it is easy to arrange 
them poorly. 


pipe to the farms starts. This ensures some exposure 
time before the inlet water reaches the farm. When 
using ozone as a disinfectant or when adding chemi¬ 
cals for changing the pH, this can be done in the 
inlet and the need for a large retention basin inside 
the farm avoided. 

There are advantages in having a feeder tank as a 
last step before the water reaches the production 
system. This will ensure equal pressure in the inter¬ 
nal pipelines; at the same time, the pressure will not 
be too high. High pressure in the internal pipelines 
will create a lot of noise in the pipes and valves in 
the production hall. In addition, it may be necessary 
to use pipes and parts of a higher pressure class, 
which is more expensive. A feeder tank is also a 
suitable place to install the alarm sensors, because 
the level will immediately drop when there is trouble 
with the water supply (Fig. 26.14); some reaction 
time is also achieved if the water flow drops, 
depending on the volume of the header tank. The 
disadvantage of using a feeder tank is that it is nec¬ 
essary to lift the water to a higher level, if no pres¬ 
surized water is available. For this reason sea water 
is sometimes sent directly through channels or pipes 
into the production room. 

26.2.4 Production rooms 



Figure 26.14 If possible, It Is advisable to have a feeder 
tank In the water supply before the production room to 
ensure equal water pressure In the pipes to the produc¬ 
tion tanks. The feeder tank Is also a suitable place for 
alarm sensors. 


room depending on the species grown. Reasons for 
division could be to inhibit disease transfer, or to 
improve the control of and the options for different 
light regimes for different production units. It may 
also be that the on-growing department is outdoors. 


The production rooms are normally divided into 
a hatchery, a first feeding department and an 
on-growing department. The hatchery can be 
separated into an incubation room and a hatching 


Hatchery 

Hatchery designs are based on the species farmed. 
For some species separate rooms are used for the 
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Figure 26.15 Typical arrangement 
of trays in a hatchery for salmonid 
production. 


incubation of fertilized eggs and for the hatching 
of the eggs, because different production units are 
required; water temperature and light conditions 
may also be different. In a hatchery for salmonids, 
for example, it is common to use trays with 40 x 40 cm 
troughs (Fig. 26.15). Two to four trays are used in 
a stack, and are commonly 2.1 or 3.6 m long. The 
water inlet is at one end of the tray and the outlet is 
at the other. To control the eggs, easy accessibility 
to all units is important. Because of this it is rather 
difficult with four tray stacks. If producing eye 
eggs for salmonids, cylinders may be used; this will, 
however, require another arrangement. Two cylin¬ 
ders placed at different heights on both sides of the 
walkway might be used. 

The main inlet pipeline to the hatchery comes 
from the feeder tank. It is recommended that there 
is a separate supply to the hatchery to provide water 
at the correct temperature and quality; this can also 
include removal of smaller particles, use of protein 
skimmers and disinfection of the water. The flow 
rate to the hatchery will be quite low. Inlet pipes are 
either run along the wall or in the roof with valves 
to the separate trays. The main outlet pipeline is laid 
in the floor (see later). 

To avoid disease transfer when personnel enter 
the hatchery, they must first pass through a disinfec¬ 
tion area. If selling eggs, there should be a room 
especially for disinfection and packaging of eggs. 
Personnel movement between these rooms should 
be avoided. A hatch in the wall that connects the two 



Figure 26.16 Eggs and yolk sac fry can be transported 
from hatchery to first feeding department through a hatch 
in the wall without the need for staff to move directly 
between the departments. 


rooms might be a solution. It is also common 
to include a hatch in the wall between the hatchery 
and the first feeding department to avoid movement 
of personnel and possible disease transfer (Fig. 26.16). 

Normally no windows are used in the hatcheries. 
Sunshine may injure the eggs of some species. Some 
light sources must also be avoided because they 
can damage the eggs, for example blue-violet light 
tubes. Photomanipulation is also necessary for some 
species, and having no windows makes this possible. 
Some species will also require total darkness, or 
the use of only red light during some periods in the 
hatchery, for example halibut. 
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The hatchery must be easy to clean and disinfect 
between the hatching seasons. It is important to 
remember this when designing the roof and walls, 
and installing the equipment. 

If combined hatching and start feeding equip¬ 
ment is used, a mixed department is built and 
there is no separate hatchery. In smaller farms this 
might be a good solution, but obviously this has 
disadvantages concerning disease control. 

First feeding department 

The first feeding department is normally a separate 
room, but can also be combined with the hatchery 
or be a part of the on-growing department. Tank 
sizes also vary with the species; this is also the case 
with the method of first feeding, for instance if live 
feed is used. Normal tanks sizes are in the range 
1-8 m^ surface area. 


It is important to have good accessibility, because 
first feeding is normally the most difficult stage 
in the production cycle and where control is most 
important (Fig. 26.17). The lighting conditions over 
every tank must therefore ensure good visibility. 
The foundations of the production results are laid 
in this department. 

Two-storey tanks could be used, but this arrange¬ 
ment can inhibit accessibility and control of the tanks 
and is a challenge in the planning process (Fig. 26.17). 
The water can be supplied directly from a general 
feeder tank or warm water can be supplied from a 
separate feeder tank. Photomanipulation can be 
used to improve the first feeding results, so no win¬ 
dows are required in this department. The tanks 
can be placed along the walls or in the centre, or both 
with wider buildings. Walkways between the tank 
rows must be at least 1 m wide, or wider, depending 
on the systems used for transport of feed and fish. 
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On-growing department 

The on-growing department can be inside or outside. 
It has become quite common to have parts of it inside, 
because of the potential for photomanipulation, 
increased growth and better disease control, even if 
this increases the costs. If the on-growing department 
is outside it is normal to have a bird net above to pro¬ 
tect the fish from birds. This may also be combined 
with a shadow net that shades the fish from the sun 
and protects some species against sunburn. 

The tanks are normally quite large, with a diameter 
of 5-20 m and water height up to 5 m. Because of 
their size it can be cheaper to have individual super¬ 
structures for the tanks. The recommended tank 
shape is circular, or square with cut corners. Circular 
tanks optimize material utilization, while square 
tanks optimize utilization of the farming area. 

Depending on the arrangement of the tanks, 
the plan can be similar to that in the first feeding 
department. Because the tanks are normally higher, 
visual control of the fish can be a problem. The 
following solutions can be used (Fig. 26.18): 

• Raised walkways for individual tanks 

• Raised walkways for several tanks 

• Submerged tanks. 

Raised walkways are simply constructed. If using 
a building, all installations can theoretically be on 
the floor and the building will then have a high 
second-hand value. Submerged tanks are best 
for fish farming purposes from the point of view of 
hygiene, and all the area around the tanks is easy 
to clean. This requires a concrete floor, located on 
the upper part of the tanks. On very large tanks 
(>10m) a walkway across, like a bridge, can be used 
to increase the general view of the fish in the tanks. 

Since the fish are now larger, the methods chosen 
for fish handling are more important. More feed 
is also used, and the feed handling method will 
therefore also influence the design. 

Water supply, inlet pipelines 

The water supply can be routed on the walls, in the 
roof or in the middle of the room. Normally, the 
water is supplied in pipes, but open channels can 
also be used although they create more noise. The 
same will be the same if using water under pressure 
in the piping system. A continuous slope from the 
feeder tank to all the production tanks is required. 





Figure 26.18 Methods of access to higher tanks for 
inspection, feeding, etc. include use of submerged tanks, 
a raised walkway to a series of tanks, or raised walkways 
to individual tanks. 

It is important that the main inlet pipe is large 
enough to avoid significant variations in total flow if 
the water flow to one tank is increased. Alternatively, 
the main pipeline can be installed as a ring with con¬ 
nection in both ends (Fig. 26.19). This equalizes the 
pressure at each point in the pipeline, and ensures 
enough water in the tanks at the end of the pipeline. 
Use of a ring pipeline will also eliminate the risk of 
stagnant water staying in the pipeline when some 
length of the pipe is not in use. In sea water this can 
be a particular problem because of the biological pro¬ 
cesses that occur in the stagnant nutrient-rich water. 

The water velocity is normally between I and 
1.5 m/s; flows over 1.5 m/s create high head loss. 
Lower velocities are advantageous in achieving a 
larger reservoir and reducing the variation in flow. 
However, settling in the pipes may now be a problem 
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From aerator and feeder tank 



Figure 26.19 If possible, a ring pipeline should be used 
to equalize the pressure and avoid flow variation in the 
connected tanks. 

and it must be possible to flush the pipes to remove 
this and prevent blockages. The valves through 
which the water flows to the individual tanks are set 
in the sides of the inlet pipe, not the bottom, to 
avoid settling in closed or partially open valves. One 
valve is set in the bottom to flush and clean the main 
inlet pipe. It is best to have a slope from the inlet 
reservoir to the valves, and from the valves to the 
fish tank. The main pipeline can also be close to 
the floor, or below the floor with vertical pipes up to 
the single tanks. When using such systems, care 
must be taken to avoid air locks in the pipelines; 
degassing valves can be used at critical points in the 
pipe system. Degassing of the inlet pipe is especially 
critical when using oxygenated water. 

Outlet pipelines 

The outlet pipeline starts in the tank. To avoid 
fouling and blockages the use of 90° bends in this 
pipeline is not recommended; bends should be as 
shallow as possible. This will also result in more 
gentle treatment of the faeces, so crushing to smaller 
particles can be avoided. The head loss through the 
outlet system will also be reduced. 

It is easy for sedimentation to occur in the outlet 
pipes and cause eventual blockage. To prevent this, 
a slope on the pipes of a least 0.5% per metre is 
recommended. In addition, it must be possible to 
flush and plug the pipes. When designing the system 
these requirements must be met. 

When laying the outlet pipes inside the farm, 
several systems are employed (Fig. 26.20): 


Outlet pipe in the ground 



Concrete 

Sand/gravet 


Soii 


Outiet pipe in open channel 
Grate 



Figure 26.20 The outlet pipes can be laid below the 
floor, in open or closed channels/culverts or upon the 
floor. 


(1) Pipes under the floor 

(2) Open channels or culverts in the floor 

(3) Pipes in culverts in the floor, either covered 
with a grating or concrete block 

(4) Pipes laid on the floor. 

All the alternatives have advantages and disad¬ 
vantages. Method (1) is best for avoiding smell 
from the outlet and producing a surface inside 
the farm that is easy to clean. A major disadvan¬ 
tage is that lack of access prevents remedial meas¬ 
ures being taken when something happens. Later 
reconstructions of the piping system are also 
difficult. Open channels create much noise and are 
a source of unwanted smell, but are reasonably 
cheap. Method (4) is not recommended, because 
it will prevent adequate cleaning of the floor. 
However, its great advantage is that no special 
arrangement is necessary and that re-use of the 
buildings for other purposes is easy. Instead of 
laying pipes directly on the floor, it is possible to 
hang them in the tanks, depending on the tanks 
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used, and then use racks to bring the tanks to a 
correct working height. 

Outlet pipes are not always filled with water; 
two phases can flow, with air above the water. The 
velocity should be above 0.3 m/s to avoid settling of 
solids; otherwise a good slope and easy flushing 
and plugging must be possible. 

26.2.5 Feed storage 

Feed storage depends on the type of feed and how 
it is packed. If using dry feed, as is most common 
in intensive aquaculture, it can be delivered in bulk 
and then stored in silos. However, this requires 
the use of large quantities. Big sacks are used 
for medium quantities and small sacks for small 
quantities. Whatever their size, sacks should be 
stored in buildings, or at least in a sheltered area to 
protect the contents from animals and birds. The 
feed sacks must also be protected against direct 
sunlight to reduce heating and possible destruction 
of the feed. This is not necessary if insulated build¬ 
ings are used for storage of dry feed. In the feed 
storage house concrete floors are typically used 
because spilled feed is easily cleaned up. 

The size of the feed store depends on the feed 
consumption, types and sizes of feed, and the 
shelf-life. If much feed is bought at the same time, 
the price for feed and transport is reduced, but this 
requires a larger feed store. Problems will occur if 
the feed is stored for too long. The shelf-life depends 
on the composition and the temperature in the feed 
store, and is given by the feed supplier. 

It is important to be aware of the feed handling 
lines when designing the feed store. If using big 
sacks, how is the feed going to be transported in and 
out of the feed store? For instance, if using big sacks, 
they can be hung up for manual tapping into a 
wheelbarrow. It is then important to have equip¬ 
ment for lifting the sacks and doors that are wide 
enough. 

26.2.6 Disinfection barrier 

To protect the farm against transfer of disease, 
disinfection is recommended. This includes a 
disinfection barrier in front of the whole farm area 
and others before entering the different production 
departments on the farm. A simple method is to 
utilize a disinfection mat/bath to which a disinfectant 


Outside 



Figure 26.21 A disinfection barrier before the produc¬ 
tion rooms is recommended. 


is added. The shoes are disinfected when stepping 
into this bath. However, it is preferable to use a 
barrier where the shoes are changed. Having a clean 
zone, where people only walk in their socks, is a 
possible solution here (Fig. 26.21). Clothes may also 
be changed in this zone. It is advantageous to use 
different colours for shoes and working clothes in 
the different departments. How much division into 
separate departments with prior disinfection will 
always be a problem because it is costly and more 
time is needed for changing, especially of clothes. 

26.2.7 Other rooms 

In a fish farm it is normal to have a small workshop, 
or at least a place to store the tools, because there is 
quite a large amount of technical equipment on an 
intensive fish farm. 

Depending on the size of the farm it is normal to 
have rooms for personnel including a mess room, 
wardrobe, toilet and bathroom. An office is also 
necessary on a fish farm; on large farms this could 
even be an administration building. 

26.2.8 Outlet water treatment 

If the outlet water is to be treated, this normally only 
includes equipment for removing particles and 
storing the sludge. This equipment should be placed 
as close to the production units as possible to avoid 
damaging the particles. The water must be treated as 
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gently as possible before it enters this equipment. 
Normally the effluent water is treated in a separate 
department or building. It is important to have 
sufficient slope on the pipes from the production unit 
to the treatment plant to avoid having to use a pump 
because this breaks up the particles. The particle filter 
is normally of the rotating screen type with a mesh 
size of 90-100 pm. Outdoor settling ponds may also 
be used. However, phosphorus may be released from 
settling ponds, if not using constructed wetlands. 

Contamination of the inlet water by the outlet 
water must be avoided to reduce the possibility of 
disease transfer. Therefore the design of the build¬ 
ing should not allow any direct movement of per¬ 
sonnel between these departments nor any short 
circuits between the inlet and outlet pipes. If the 
inlet water is pumped from a lake or from the 
sea and the outlet water is sent back to the same 
source, it is important that shortcuts and/or cross¬ 
contamination are avoided. The inlet and outlet 
pipes must be spaced far apart both in the vertical 
and horizontal directions. Transport of the outlet 
water directly to where the inlet is located by the 
main current must also be avoided. 

26.2.9 Important equipment 

Equipment for feeding and feed handling and 
systems for handling fish are important on intensive 
fish farms because they are used so much. A great 
deal of equipment is available here (see Chapters 
21 and 22). This equipment can to some degree be 
an integral part of the farm construction, or it can 
be portable. Therefore the choice of equipment 
influences the design of the farm, so if a farm is 
established using a particular system, much recon¬ 
struction can be necessary if it is later decided to 
change that system. 

Feed handling 

Some types of feeding equipment are commonly 
used on all intensive land-based farms. This can 
range from simple feeders on a single production 
unitto larger automated central feeding systems or 
feeding robots. Automation of the feeding system 
depends on the amount of feed used. It is important 
that the complete handling process for the feed 
from delivery to end use is well thought out. The 
necessary components in the handling line will, of 


course, depend on the chosen feeding system; if a 
feeding robot or a complete feeding system is used, 
the feed must be stored in silos. 

If using traditional feeders, the feed must be 
taken from the store to the fish tanks. Alternatives 
for performing this operation can be to carry 
sacks or to use a trolley or wheelbarrow. Trolleys or 
wheelbarrows set requirements for the width of the 
walkways. The feed is normally lifted from floor 
level up into the hoppers of the feeders manually. 
The hoppers must therefore be easy to fill. The farm 
may also be designed with two storeys, a first floor 
in addition to the ground floor. Feed is stored on 
the first floor; this is also where hoppers to the tanks 
on the ground floor are filled, so gravity is utilized 
and heavy lifting avoided. 

Fish handling 

Fish handling is an important part of the work in an 
intensive farm, and equipment for doing this is 
important, especially when the number and size of 
fish increase. Reasons for handlings are various and 
include movement between departments, division 
of groups to avoid excessive density, size grading 
and when delivering fish. Also here it is important 
to think in complete handling lines, where the fish 
are taken from the production unit and sent back 
to the tank. A handling line for moving fish may, 
for instance, include: 

• Crowding in the tank 

• Vertical transport out of the tank 

• Horizontal transport between tanks. 

The first operation, crowding, can be brought 
about by (1) reducing the water level (it must then be 
possible to reduce the water level in the tank), (2) 
using a rotating grid, and (3) having a removable tank 
bottom. For the second operation, vertical transport 
out of the tank, the following methods can be used: 

• A net 

• Pumps of various types: centrifugal (lowered into 
tank or handling centre); vacuum (pressure) that 
also sucks up fish; ejector or airlift that require 
deep tanks 

• Transport tanks lifted with a forklift truck 

• A fish screw (needs a large area). 

For horizontal transport, dip nets and/or buckets, 
transport tanks or pipelines may be used. 
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The handling system may also be an integral part of 
the farm (Fig. 26.22). Examples of such systems are: 

• A centrally placed pumping chamber to where the 
fish are tapped through in pipelines from all tanks 

• Having pump adaptors close to the bottom in all 
tanks and a centrally placed pump 

• Pipelines near the top of all tanks, into which the 
fish are poured after using a dip net to take them 
out of the tank. 

For larger fish the tanks may be equipped with 
hatches through which the fish either swim voluntarily 
or are forced to go when the water level is reduced. 
The first system only requires one channel between 
the tanks, and there is a combination of voluntary 
and forced movement by movable grids (Fig. 26.23). 
The second system is based on channels on two floors 
and an elevator that lifts the fish between the two 
levels (Fig. 26.24). This system functions as follows. 
The water level in the tank is reduced and the fish are 
forced to leave via the hatch in the tank wall. There is 
a slope on the bottom in the lower channel and by 
continuously reducing the water level the fish are 
forced into the elevator at the end of the channel sys¬ 
tem. One tank inside the silo constitutes the elevator. 
The fish from one tank are collected in the elevator 
that is actually an ordinary fish tank. By closing the 
inlet hatch to the elevator and supplying water to the 
silo the water level will increase and the tank that 
floats inside will move upwards like an elevator. 
When the tank reaches the upper channel level the 
hatch is opened and the fish will start to swim out; by 
continuing the elevating process they will gradually 
be forced to leave. After this the water level in the 
upper channel will be gradually reduced and the fish 
forced back into their tank. Then fish from a new 
tank can be moved in a stepwise process. 

The solutions for size grading must also be 
decided before the farm is established. If the farm 
is small and small amounts of fish are going to be 
graded, a cradle used directly in the production 
tanks might be a solution. Otherwise a machine 
can be used, such as a roller, belt or band grader. If 
using a level grader the high head loss must be 
remembered. If thinking about the complete sys¬ 
tem, the grading machine can be placed in a grading 
centre, or it can be portable and moved to the tank 
that is to be graded. In the latter case it is important 
to have sufficient space in the walkways to place 
the grader. 



Figure 26.22 Farm in which the handling system is an 
integral part. 



Figure 26.23 Fish farm equipped with channels for 
transport of fish. 


26.3 On-growing production, sea 
cage farms 

26.3.1 General 

An on-growing farm bases its production on buying 
fry or juvenile fish and producing fish ready for 
slaughter. An inexpensive system for on-growing 
production is to use cages, in lakes, calm rivers or in 
the sea. Later in this chapter a brief description of 
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Upper channel 





Figure 26.24 Fish farm equipped with channeis for volun¬ 
tary fish movement. Between the two channei levels there 
is an eievator for verticai transport of fish. 


the design of a complete cage farm is given, focus¬ 
ing on a sea-based farm. 

A total sea cage farm includes the following 
components (Fig. 26.25): 

• The cage farm with fixed equipment 

• An operations base 


• A boat 

•Net handling equipment. 

The cage farm includes the cages with the mooring 
system. Equipment fixed to the cage can be feeding 
equipment, equipment for collection of dead fish 
and feed loss, and a lighting system. 



Design and Construction of Aquaculture Facilities: Some Examples 


387 


Construction of sea cage farm for growing 


Open ocean 



Operations piant 


Figure 26.25 Plan of a typical sea cage farm. 


26.3.2 Site selection 

When selecting the sites for sea cage farms several 
criteria are important. Some species-independent 
criteria used when evaluating a site are as follows: 

• Stable water quality (the actual quality require¬ 
ments will be species dependent) 

• Good water exchange, but not an excessively 
high velocity (below 1 m/s is recommended) 

• Minimum depth under the cages of 5 m 

• Good infrastructure 

• Temperature above 0°C to avoid icing; otherwise 
temperature appropriate for the species 

•Not close to potential sources of water 
contamination 

• For wave heights above 3 m the equipment costs 
are rather high. 

When operating a sea cage farm the use of several 
sites is recommended. If farming species that need 
more than 1 year to reach the marked size or when 
receiving several inputs of juveniles every year, it is 
advisable to use different sites (Fig. 26.26) to reduce 
the possibility of disease transfer between the 
inputs/generations. In addition, it is advisable to let 
the sites rest for a year after some years in produc¬ 
tion. This has been shown to improve production on 
the site. If this production model is used, the sites 
must not be too close together. The distance 



Figure 26.26 The use of several sites Is recommended, 
both to Inhibit transfer of disease and to let the sites rest. 

depends on the current conditions between the 
sites, but typically at least 1.5 km is recommended. 

26.3.3 The cages and the fixed equipment 
Cages and net bags 

The number, type and size of the cages depends on 
the production regime and the farmed species. The 
exposure of the site to waves is also important. If 
the site is very exposed, special offshore cages are 
used. Large cages have become increasingly popu¬ 
lar because the production costs can be reduced.^ In 
the Norwegian salmon industry, circular cages with 
a circumference of 120 or 160 m are becoming quite 
common. However, extra demands are made on the 
equipment used for handling the nets. Another 
trend is to utilize more exposed water for farming, 
which sets extra requirements for the cages, mooring 
systems and operating boats. 

Sea cage farms may also be established close to 
the shore, so that a walkway can be constructed 
from the land directly to the cages (Fig. 26.27). In 
such conditions it is normal to use a system farm, or 
at least a farm with a floating walkway to where the 
cages are connected. 
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Figure 26.27 Cages can be individual, or 
part of a system with and without a walkway 
to land. 














Design and Construction of Aquaculture Facilities: Some Examples 


389 



Figure 26.28 Lighting system used 
on a cage farm to improve fish growth. 


A dead fish collector may be used in the cage; this 
can either be in the form of a stocking below the 
ordinary net bag or a basket inside the cage. The 
basket can easily be lifted to the surface with a rope, 
and the dead fish collected (see Fig. 26.30). 

Lighting system 

To increase the growth and reduce early matura¬ 
tion, additional and continuous lights can be used in 
the sea cages.'*’^ In particular, during the winter sea¬ 
son in high latitudes, this has been shown to improve 
the production results for salmonids by 20-30%.*’ 
Thus in almost every sea cage in Norway extra light 
is used to increase growth and reduce maturation. 
The light source can stay above or beneath the sur¬ 
face. When the light is above the water surface it 
must be quite strong because it has to pass through 
the water surface (Fig. 26.28). Light above the sur¬ 
face may be detrimental to the surroundings; for 
instance, there have been complaints from ships. For 
example, on a cage of 15 x 15 m, four 500W flood¬ 
lights have been used; the necessary brightness is 
around 180 lux, the same as recommended for rooms 
not in continuous use, such as store rooms. 

When planning a light installation, the following 
factors are important: 

• The type of light source 

• The placement of the light source above or 
beneath the surface 


• The number of lights 

• When in the year it is to be used 

• For how large a part of the day it is used 

• The source of energy 

• How to get the energy to the cage: electrical 
cables laid or generators used? 

Today, underwater lights have become much more 
common, because they are closer to what is to be 
illuminated. Also, they do not cause problems asso¬ 
ciated with non-submerged lights, e.g. navigational 
confusion. 

Feeding system 

Several methods are used for feeding fish in cages, 
ranging from hand feeding where no additional 
equipment is required to automatic feeding where 
the additional installations depend on the chosen 
feeders (see Chapter 21). If traditional feeders are 
used, they are placed on a platform that could be 
integrated in the collar. The hoppers can be quite 
large (>1 m^) and additional buoyancy is necessary. 
If central feeding systems are used it is only the 
pipes with the feed that enter the cages and no 
additional equipment is necessary. It is possible to 
use additional equipment inside the cage, such 
as remotely operated underwater cameras and 
detectors for uneaten feed and biomass estimation. 
Such equipment will, however, be portable and 
have no influence on the construction of the cages. 
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Figure 26.29 Normally a cage farm will be equipped 
with a base station which is either land or sea based. 


26.3.4 The base station 

A base station is necessary for a sea cage farm 
(Fig. 26.29). This can be land based or sea based 
(lying on a raft), or it can be a combination of the 
two alternatives. The size and content of the base 
station depends on the size of the production unit 
and the management of the farm, including what 
services are bought from subcontractors. A base 
station may contain various pieces of equipment 
and storage facilities. It is normal to have at least a 
wardrobe, toilet and mess room for the workers on 
the base. In addition, there is a small workshop, or 
at least a place to have some tools. 



Figure 26.30 A tank for ensiling dead fish and a basket 
for collection of dead fish within the cage. 

Every farm also needs a system for dealing with 
dead fish. To prevent them becoming an environ¬ 
mental problem, they must not be dropped into 
the water. A tank to which acid is added can be 
used and the fish are ensiled (Fig. 26.30); the 
produce can, for example, be used to feed fur¬ 
bearing animals. The dead fish may also be stored 
in a cold-storage room, for later collection and 
utilization. 

It is also normal to have a feed store on the base. 
A central feeding system may also be installed on 
the base. Feeding barges have become quite popular 
because they can be moved between sites if the sites 
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Figure 26.31 A control room where the feeding system 
is regulated is typically included in the base station. 
Several monitors show images from remotely operated 
cameras in the different cages. 


are fallowed. Common construction materials are 
steel or concrete; old ferries have proved quite pop¬ 
ular as feeding barges. 

The base, whether on land or sea, must be of a 
design that makes it easy for boats to dock. On a 
sea-based barge this is quite simple; if the base is on 
land a quay is necessary. 

The base may or may not include net storage, 
net washing equipment and impregnation equip¬ 
ment. However, today it is quite common to 
employ subcontractors to do all the net handling 
and storage. 

In the base it is also common to have a control 
room, from where the feeding system is controlled. 
Several monitors from cameras in the different 
cages are typically included (Fig. 26.31). 


26.3.5 Net handling 

Net handling represents a major part of the total 
workload on a sea cage farm, and requires 
additional equipment. For many sites fouling is a 
large problem for nets in the sea and to reduce 
the degree of fouling the mesh size needs to be as 
large as possible. This means that it is an advantage 
to change the nets according to fish growth, so as 
large a mesh size as possible can be maintained. 


One or two sizes are typically used per year, but 
this depends on growth and species; nets can 
be much more frequently changed on fouling 
exposed sites.’ Net exchange is heavy work, 
especially on larger cages; large cranes are 
required to handle the nets. This is also one reason 
for using subcontractors, because they have 
large equipment specially adapted for the 
purpose. 

If there is much fouling on the site, cleaning or 
washing of the nets is necessary. This ensures 
enough water passes through the net panel to 
supply oxygen and remove waste products. On 
exposed fouling sites, the nets need to be washed 
several times a year, up to once a month. Washing 
may either be done when the net bags are in the 
sea, or they can be removed and taken to shore 
for washing. Special washing equipment is used 
by divers to wash nets in the sea. If the nets are 
taken to shore, large washing machines are used. 
These machines are similar to a traditional 
domestic washing machine but have a larger drum 
into which the nets are loaded (Fig. 26.32). The 
effluent from the washing machines has a high 
content of fouling materials. This will be a point 
discharge, which will normally result in local pol¬ 
lution. Today there are calls for purification of 
wastewater from such washing machines; there is 
a particular problem with discharge of antifouling 
agents, because normally at least 20% of the anti¬ 
fouling agents remain on the nets at the start of 
the washing process. 

The nets will also need regular repair, because 
the mesh will break. This is normally done in con¬ 
nection with washing and before the nets are set out 
again. 

It is also usual to treat the net with an antifoul¬ 
ing agent to inhibit fouling so that they can stay in 
the sea for longer before removal for washing. 
Copper-based antifouling agents are widely used 
and quite effective. However, there are environ¬ 
mental concerns regarding the use of copper, but 
no other antifouling agents have so far achieved 
the same efficiency. Different types of biocides 
may be used, but there are also environmental 
concerns about these. Much research is being 
undertaken to find alternatives. Before setting out 
the impregnated nets they are dried so that the 
antifouling stays on the net. 
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Figure 26.32 A base for net treatment (A), washing net bags onshore with the use of iarge washing machines (B) and 
washing net bags when the net is in the sea (C) with a subsurface cieaning rotor. 


26.3.6 Boat 

All sea-based on-growing farms need a boat 
(Fig. 26.33). In the past, small boats of polyethylene 
or fibreglass with an outboard motor were often 
used. Today, larger boats of steel or aluminium with 
a working deck are becoming increasingly common 
as a result of the trend towards using larger cages 
and sites with more feed and heavier equipment. 
Faster boats are more common than previously, and 


speeds of up to 15-20 knots are normal. One reason 
for this is that the distance from the coast is increas¬ 
ing and more exposed water is being used for 
farming. Catamarans with wide decks and lengths 
in excess of 10 m are much used today. It is common 
to have a crane on the boats for handling nets 
and feed sacks. It is also typical to have one larger 
boat for handling the mooring if this is not 
subcontracted. 
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Planning Aquaculture Facilities 


27.1 Introduction 

Planning of aquaculture facilities, of whatever type, 
is a complicated process that requires much knowl¬ 
edge to achieve a good result. It is, for example, 
more difficult than planning a typical industrial 
production plant, such as for manufacturing metal 
parts. Aquaculture facilities involve living individu¬ 
als. The production result depends, for instance, on 
the suitability of the tanks, water flow conditions 
and whether water quality meets the requirements 
of the individuals, whether fish or shellfish. Planning 
faults will reduce the performance of the individu¬ 
als, which can be manifest as reduced growth or 
more frequent disease problems, for example. 

The requirements for planning will vary accord¬ 
ing to the type of facility. The planning of a farm 
with one or a few excavated ponds is fairly simple. 
A rather more complex situation occurs when 
planning a land-based fish farm for indoor juvenile 
production. The planning will be even more com¬ 
plex if the farm is to include a recirculating aqua¬ 
culture system (RAS) in addition to flow-through 
technology. Such complex planning tasks involve 
several fields of competence, for instance sanitary, 
electrical, building and architectural. These are all 
technological, but because the production involves 
living organisms it is also necessary to have biologi¬ 
cal knowledge, for example of the optimal environ¬ 
mental growth conditions for the fish. Since so 
many subjects are involved, planning is not simple 
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and a number of specialists will normally be 
involved, at least when planning larger farms. 

A number of theories and methods have been 
introduced to optimize the planning process, espe¬ 
cially for planning buildings and industrial facilities.^’^ 
Despite the biological aspects involved in the 
planning of aquaculture facilities, some of these basic 
theories and methods can be employed in addition 
to the important matters regarding aquaculture. 

In this chapter important elements in the planning 
process of an aquaculture facility are described. This 
is done by presenting one simplified method for 
performing the planning process. This is utilized as a 
tool to avoid missing important elements during the 
planning process which, because of the complexity of 
the planning process for intensive fish farms, is very 
easy to do, at least for personnel who are not highly 
trained. It is important to remember that this is only 
one of several methods, and good planners will often 
have developed their own based on experience. 

27.2 The planning process 

When the planning process starts there is always an 
initiative to alter the prevailing situation. For exam¬ 
ple, someone may want to establish a completely 
new farm, or maybe only a minor reconstruction of 
the farm is wanted. Both require a planning process 
to have been completed before building com¬ 
mences. For planners, it is important to ensure that 
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they really understand the needs of the applicant to 
be able to execute the planning process optimally. 

The planning process may be separated into the 
following parts, from the choice of site to the 
finished facility: 

(1) Site evaluation and selection 

(2) Production plan 

(3) Room programme 

(4) Necessary analyses, such as function, form, tech¬ 
nology, environmental impact and economy 

(5) Development of alternative solutions based 
on the analysis 

(6) Evaluation and synthesis of the alternative 
solutions 

(7) Actual design, making the necessary drawings 
and description, calculation of costs 

(8) Drawing up invitations to tender, choice of 
contractor, starting building 

(9) Function test of the plant, with and without fish 

(10) Project review. 

If there is only one site available, only it will need 
to be evaluated; however, it is important to show 
the limitations of the site. If an extension of an 
existing plant is wanted, the same will be the case. 
Independent of this, it is always important to carry 
out the site evaluation and control to ascertain 
whether the site really can tolerate the extension 
and what problems may occur. This may also set 
additional requirements in the planning process, for 
instance that there will be a limitation in the water 
supply and that re-use technology is required. 

A production target or a given production plan 
may also be the starting point of the planning pro¬ 
cess. If this is the case, a proper site has to be chosen 
based on these requirements. 


27.3 Site selection 

To choose a good site is of course of major impor¬ 
tance for future production results and possible 
problems, so proper investigations about site per¬ 
formance must be carried out. In relation to plan¬ 
ning this description will provide the criteria for the 
further planning process. If several sites could be 
used, the description will give the necessary basis 
for evaluation and selection of the site. 

The site chosen will, of course, depend on the type 
of farm being planned: a hatchery or on-growing. 


land or sea based. An extremely important selec¬ 
tion criterion when talking about aquaculture facili¬ 
ties is the amount and quality of available water. 
There are many stories of land-based freshwater 
aquaculture facilities suffering from lack of water 
after some years in production. 

For cage farming, the water quality and wave and 
current conditions are of great interest. The depth 
and bottom conditions are also important because 
of the mooring requirements (see Chapter 20). For 
land-based farms the water quality will also be of 
major importance, but here the amount of water 
available is also of great interest. It is important 
to remember that when a farm is planned it is 
designed for a given water flow. In almost every 
case, after a period in production there will be a 
desire to increase production and therefore the need 
for water will increase. It is therefore advantageous 
to include this possibility in the planning process. 
When checking the possible amounts of water that 
could be withdrawn from the water source and 
used in the farm, it is important to find values for the 
possible water supply for every month all year 
round. Before establishing a farm a monitoring pro¬ 
gramme must be implemented and surprises result¬ 
ing from dry seasons must be avoided. Therefore it is 
important to research as much historical data as 
possible regarding the water source. Possibilities for 
regulation of the water level in lakes, or damming up 
rivers must also be evaluated. 

Good water quality will always be the best, 
regardless of species farmed. Some species, such as 
carps, will not have such high requirements for 
water quality, while others such as salmonids are 
more stringent. Water of poor quality can be used 
on a salmonid farm but requires additional treat¬ 
ment before use, so resulting in increased costs. 

Available infrastructure is also important when 
selecting a site. To have easy access to electricity, 
good roads and telephone lines reduces the costs of 
establishing the farm. 


27.4 Production plan 

In the production plan an estimate of the future 
production is given, for instance how much fish, 
and of what size, is going to be in the farm at 
different times of the year, normally every month 
at least, to ensure a given production (Table 27.1). 



Table 27.1 Example of a production plan for a land-based farm. 
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This includes the requirements for oxygen and 
water, eventually requirements for heating or 
cooling of water, and necessary units for storing 
of the fish. 

A well-prepared and detailed production plan 
is the basis for the rest of the planning process. It is 
important to allow sufficient time when develop¬ 
ing the production plan; mistakes here will be 
transferred to mistakes in the planned facility. 

27.5 Room programme 

The real planning process can now start, and 
the first task is to survey the main installations, 
including the buildings with necessary rooms and 
heavy fixed installations. This is done through a 
room programme (Table 27.2). Here a first estima¬ 
tion of the need for size and area is also given. A 
given production will, for instance, need a tank 
volume based on the requirements of the fish. If 
the production of fish is known, some assumptions 
about the space for feed storage can be made. 
Some rooms, such as a changing room, bathroom, 
mess room and office, may also be necessary. The 
aim of the room programme is to obtain some idea 
about the size of the different rooms and installa¬ 
tions that can be used in the further analyses, not 
to make a complete list of what the facility is going 
to look like when it is finished. By summing all 
these components an estimate of the total size of 
the plant is obtained. 


Table 27.2 A room programme for a small fish produc¬ 
tion plant. 


Area 

Size 

Rearing section 

Broodstock 

Two tanks, >8 m^ 

Hatchery 

14 hatching trays 

First feeding 

12 m^ 

On-growing 

800 m^ 

Water treatment 

50 m^ 

Various 

Feed storage 

15 m^ 

Workshop/storage 

20 m^ 

Office/mess room 

15 m^ 

Wardrobe 

IrrF 

WC/shower 

5rrF 

Disinfection barrier 

Arc? 


27.6 Necessary analyses 

Part of the aim with analysis is to remember 
to think through the different possible solutions. 
Advantages and disadvantages of the different 
solutions should be discussed, which is really 
helpful in the planning process. Whilst analysis 
can be performed on many topics, it is important 
to perform the main analyses. This part must not 
be confused with the description of the chosen 
solution; it must be an analysis. 

One necessary analysis is that concerning area 
connections; which areas in the plant are or are not 
to have connections. This can be illustrated with an 
example: a farm is fenced in and the only entrance 
is through a disinfection barrier where the shoes are 
disinfected in a bath; there should be no possibility 
of direct entrance to the plant in other ways. During 
the planning process an area connection analysis 
will identify such relations. 

One method of performing the analysis is to 
spread out the rooms and areas from the room 
programme like pieces of a puzzle and draw lines 
between the areas where connections are desired 
(Fig. 27.1). The same can also be done with an arrow 
diagram, where connections and the reason for 
connections are illustrated (Fig. 27.1). 

To remember the different processes that must 
take place, process diagrams can be used as a tool 
(Fig. 27.2). The technical analysis includes a survey 
of ways of solving technical problems with their 
advantages and disadvantages. For instance, if the 
water is to be aerated, what types of aerators are to 
be used and what are the advantages and disadvan¬ 
tages of the different types; another analysis can be 
whether or not to use oxygen. Analysis of different 
materials includes the advantages and disadvan¬ 
tages of each. Process diagrams and alternatives 
charts are also examples of assistance tools; for 
instance, alternatives charts are helpful for showing 
various handling methods (Fig. 27.3). 

Form and situation analysis includes where in 
the terrain the farm can be located, with advantages 
and disadvantages; for example, should it be in the 
ground or on top. Aesthetic considerations must 
also be included. 

Analysis of environmental impact is becoming 
increasingly important for aquaculture facilities. 
How to reduce the discharge is an important ana¬ 
lysis. To establish aquaculture facilities near beach 
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1. Plant entrance 

2. Production unit 

3. Feed storage 

4. Office 

5. Changing area 

6. Shower/WC 

7. Disinfection area 

8. Dining room 

9. Workshop 

10. Water treatment 



Inlet water _ 

Feed store _ 

Workshop _ 

Storage _ 

Office _ 

Changing room 
WC/shower 
Disinfection area 

Fish tanks _ 

Grading plant 
Pump station 

Outlet _ 

Oxygen tank _ 

Courtyard _ 

Transport channel 



Importance Cause 


o Essential 

• Important 
° No interest 

* Not wanted 


1 Personnel traffic 

2 Fish transport 

3 Material transport 

4 Infection, pollution 


Figure 271 Different ways to prepare a connection 
analysis. 


zones may result in large impacts in the landscape, 
caused for instance by blasting operations that 
create large ‘scars’ in the landscape (Fig. 27.4). The 
need for proper analysis is necessary in such cases. 

An area function analysis of the different areas is 
also commonly included where the requirements 
and their function are discussed. Taking feed storage 
as an example, this could include the following 
analysis: will there be possibilities for expansion or 
not; will there be possibilities for draining the floor 
or not; are there any special requirements for the 
surface of the floor or not? 

27.7 Drawing up alternative solutions 

Based on the analyses, the development and 
planning of alternative solutions may start. This 
includes simple sketches of the different possible 


Process diagram: 


Fish 



Personnel traffic 


Boat 


Truck 

HZ 


Entrance/disinfection area 


I 


Office 

H 

T 



i Wardrobe 

T 


Feed storage 

I 


Fish farm/tanks 


Feed 



Figure 272 Drawing process diagrams can be a tool in 
the planning process. 

options. The reason for stressing development of 
alternative options to meet planning requirements 
is that this functions as a tool to develop optimal 
solutions. The plans can, with advantage, be as 
different as possible from each other. This stresses 
the variability, which is important in improving 
creativity. At least two or three alternatives should 
be developed (Fig. 27.5); these can be discussed 
with the owners of the farm, to involve them in the 
planning process and to make sure that the devel¬ 
oped solution meets their requirements. The water 
levels are extremely important, and when planning 
land-based fish farms it is important to have con¬ 
trol of the free water levels; therefore it is helpful to 
prepare diagrams showing this. 
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Grading of fish 


Method 

1. Out of 

tank 

2. To 
grader 

3. Up on 
grader 

4. Grading 

5. From 
grader 

6. Up into 
tank 

A 

Dip net 

Dip net 

Dip net 

Rolier 

Dip net 

Dip net 

B 

Tap 

Pipe 

Pump 

Severai fioor 

Pump 

Tap 

C 

Tap 

Pipe 

Pipe 

Beit 

Pipe, slope 

Tap 


A - Smail investments, much manual work 
B - Larger investments 
C - Depending on siope 


Figure 27.3 Various methods for fish 
handling illustrated in an aiternatives 
chart. 



Figure 27.4 Blasting for establishing 
aquaculture facilities in the coastal 
area may result in unsightly scars in 
the landscape. 


27.8 Evaluation of and choosing 
between the alternative solutions 

The next step in the planning process is to evalu¬ 
ate the alternatives and choose from among the 
developed solutions. On this basis the chosen plan 
can be further developed. Hopefully the analysis 
and consideration of different solutions have 
improved the plan compared with first proposals. 
All the developed solutions will of course have 
advantages and disadvantages, and these must be 
weighed when developing the final plan which will 
often be a mix of the alternatives. 


27.9 Finishing plans, detailed planning 

After choosing a solution, this can be further deve¬ 
loped by preparing more detailed plans and draw¬ 
ings of constructions and/or buildings. Here more 


detailed design of the necessary components is also 
included and, based on this, a more detailed calcula¬ 
tion of the costs. This is labour intensive. It may also 
be a two-step planning process with a pilot planning 
project followed by the detailed planning process. 

The next step is usually to draw up invitations 
to tender with the necessary descriptions. When a 
tender is accepted, the building process can start. 
During the building process is it important to check 
progress regularly. 

27.10 Function test of the plant 

After finishing building the plant or part of the 
plant, a period of function testing is necessary, 
starting with single components and ending with 
the entire farm. First it is performed without fish 
in the plant and when everything is functioning the 
testing can be continued with fish in the system. 













Figure 27.5 Alternative plans should be developed before choosing the layout of the fish farm. 
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Sufficient time must be taken at this important 
stage, and when establishing advanced facilities 
can take up to several months. This is an important 
stage that is often underestimated. To put fish into 
the facilities too early may end in disaster if some¬ 
thing fails. If contractors build the entire project, 
the owner of the farm must not take it over before 
operational testing of components and the whole 
farm has been carried out with satisfactory results. 

27.11 Project review 

It is important to undertake a post-hoc review 
of the building process and of the chosen options. 


The major object of doing this is to optimize the 
process in later planning, and to create future 
optimal solutions. Post-hoc project reviews are 
mainly for the benefit of the planner. 
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ABS see adsorptive bubble separation (ABS) 
active sludge and bioflocs, 205-6 
additives, live fish transport, 337 
adsorptive bubble separation (ABS) 
aided floatation, 66 
categorization, 67 
classification, unit design, 67 
effectiveness, 66 

foam separation and non-foaming flotation, 67 
groups, 66,67 
mechanisms, 67 
saltwater aquaria, 66 
advanced oxidation technology (AOT) 
methods, 130-131 
redox potential, 129-30 
aeration, 155-78 see also oxygen/oxygenation 
aerators, 159-65 
cascade aerators, 163 
construction, 159-65 
design, 159-65 
equilibrium, 157-8 
evaluation, 160-161 
gas theory, 157-9 
gas transfer, 158-9 
gases in water, 155-7 
gravity aerators, 161-4 
Inka aerators, 164,165 
methods, 159-60 
packed column aerators, 161-5 
paddle wheel aerators, 164,165 
ponds, 244 
principles, 159-60 
propeller aerators, 164,165 
purpose, 155 


saturation, 155-7 
subsurface aerators, 161,165 
surface aerators, 161,165 
aerobic decomposition 
C/N ratio, 116 
smell filter, 116 

temperature increase, liquid composted sludge, 
116,117 

wet composting reactor, 115,116 
afterevaluation, planning, 402 
aided flotation, 39 

air transport, live fish transport, 335-6 
airlift pumps 
advantage, 313 
harvesting shells, 312 
oxygen/oxygenation, 330-331 
pumping fish, 311,312 
alternatives, planning, 397-8,399-401 
aluminium, pH, 44 
ammonia 
monitoring, 343-4 
water quality, 33 
ammonia removal, 179-88 
bacteria, 180-181 
biodrum, 183-4 
biofilters, 186 

biological removal of ammonium ion, 179-80 
chemical removal, 187-8 
denitrification, 186-7 
filters, 181-5 

flow-through system, 182-3 

ion exchangers, 187-8 

moving bed bioreactor (MBBR), 184-5 

nitrification, 180-181 
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ammonia removal (cont’d) 

Nitrobacter bacteria, 180-181 
Nitrosomonas bacteria, 180-181 
oxidizing, 179,180 
pH, 179-80 

rotating biofilter (biodrum), 183-4 
anaerobic decomposition 
biogas, 117 
biomass growth, 117 
carbon, 117 

methane gas production, 117 
particle-bound nitrogen, 118 
steps, 117 

analyses, planning, 397-9 
anchors, mooring systems, 272-4 
angle seat valves, pipes, 12 
antifouling chemicals, 107-8 
AOT see advanced oxidation technology (AOT) 
aquaculture 
bubble column, 85-6 
classification, 1-2 
facilities 

construction, 367-93 
design, 367-93 
hatcheries, 367-85 
juvenile production, 367-85 
land-based, 367-85 
planning, 394-402 

protein skimmers and flotation plants, 86-90 
aquaponics, 204-5 

artificial substrate, egg storage/hatching, 220-221 
automation 

feeding systems, 286,289-93 
instrumentation, 339 

back-flushing 

depth filtration, 56-7 
screens, 52-5 

bacteria, ammonia removal, 179-81 
ball valves, pipes, 11 
band graders, size grading, 322-5 
bar graders, size grading, 319-21 
base station, sea cages, 5,390-391 
bead filters, ammonia removal, 185 
belt graders, size grading, 321-2,323 
Bernoulli equation, water transport, 16 
biodrum, ammonia removal, 183-4 
biofilters, ammonia removal, 181-6 
biofloc system 
C/N ratio, 207 
description, 206 
organic carbon sources, 207 
principle, 206 
protein utilization, 207 
water quality, 208 


biological purification, water 

autotrophic/heterotrophic organisms, 203 
chemoautotrophic organisms, 204 
C/N ratio, 204 
green water system, 203-4 
heterotrophic organisms, 204 
biological removal of ammonium ion, 
179-80 

biological separation, phosphorus, 41-2 
biomass estimation, 350-352 
boats, sea cages, 5,392-3 
breakwaters, sea cages, 263-4 
bubble columns, 85-6 
bubbles 

coalescence, 83 
fractionation, 89-90 
gas, 80 

generation methods, 80-82 
size, 82-3 
buildings, 357-66 
cleaning, 363-4 
climatization, 364-6 
design, 358-9,363-4 
environmental factors, 364-6 
floors, 363 
foundations, 362-3 
ground conditions, 362-3 
insulation, 362 

load-carrying systems, 359-61 
materials, 359-62 
prefabricated, 362 
reasons, 357 
roof design, 358-9 
shapes, 357-9 
types, 357-9 
ventilation, 364-6 
walls, 363-4 

Bunsen coefficient, oxygen/oxygenation, 
157,177 

buoys, mooring systems, 271-2 
butterfly valves, pipes, 10,12 

cage collars, sea cages, 259-61 

cameras, fish size, 350-352 

carbon dioxide, monitoring, 343-4 

cascade aerators, 163 

cavitation, pumps, 21 

centrifugal pumps, 23-8,306-7,309 

CFF see cross-flow filtration (CFF) 

characteristics curves, pumps, 26-7 

characterization of the water, particles, 51 

check valves, pipes, 12 

chemical separation, phosphorus, 41 

Chick’s law, 121 

chlorine disinfection, 131-2 
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classification 
aquaculture, 1-2 
pipes, 10-11 

production units, 210-215 
sea cages, 249 
cleaning 

buildings, 363-4 
closed production units, 231-2 
live fish transport, 329,336-7 
self-cleaning, 231-2 
transfer pipeline, 377 
water inlet, 377 
climatization, buildings, 364-6 
closed production units, 211-13,224-6 
cleaning, 231-2 
components, 224—6 
dead zones, 228 
design, 228-31 
drains, 235-7 
flow pattern, 231-2 
materials, 229-31 
mixing, 228 
self-cleaning, 231-2 
types, 224-6 
velocity profile, 231-2 
water exchange rate, 227-8 
water flow, 231-2 
water inlet, 233-4 
water outlet, 235-7 
water quantity, 226-7 
closed sea cages, 211-13,224-37 
coagulation and flocculation 

colloid entrapment mechanism, 75 
destabilizing chemicals, 77 
equipment, 78 
mechanisms, 75,76 
polymers, 76 
RAS, 75 

zeta potential measurement, 77 
combination units, egg storage/hatching, 223 
components 

closed production units, 224-6 
farms, 2-5 

instrumentation, 340 
land-based farms, 2-4 
mooring systems, 266-9 
re-use, 196-7 
sea cages, 249-50 
composting of sludge, 115-17 
conductivity, monitoring, 342 
connections 
pipes, 12-13 
planning, 397-9 
pumps, 28-9 

constructed wetlands, 132 


construction see also buildings 
aeration, 159-65 
aquaculture facilities, 367-93 
heat pumps, 146-7 
instrumentation, 340 
ponds, 241-3 
re-use systems, 193-6 
sea cages, 259-66 
conveyor belt feeders, 287,289 
cooling 

chilling of water, 153-4 
heat exchangers, 138,153-4 
reasons, 134 

counting fish, instrumentation, 349-50 
cross-flow filtration (CFF), 103 
crowding, internal transport, 305-7 
current 

measuring, 258-9 
oceanic, 258 
sea cages, 257-9,274-80 
tidal, 258 

wind-generated, 258 

DAF see dissolved air flotation (DAF) 
dead fish, tanks, 390 

dead zones, closed production units, 228 
degree of wetting, 68 
demand feeders, 287-9 
denitrification, ammonia removal, 186-7 
density, fish 

live fish transport, 331-2,333-4 
re-use, 192-3 

density, water, production units, 214-15 
depth filtration 
back-flushing, 56-7 
filters, 55-8 
design 

aeration, 159-65 
aquaculture facilities, 367-93 
buildings, 358-9,363-4 
closed production units, 228-31 
mooring systems, 267-9 
re-use systems, 197-200 
tanks, 228-31 
water inlet, 233-4 
water intake/transfer, 367-8 
water outlet, 235-7 
dewatering, sludge 
mechanical filter, 114 
particle removal system, 115 
percentage DM, 114 
sedimentation, 115 
diatomite (DE) filters, 57-8 
diffusers, oxygenation, 169 
dip nets, internal transport, 305,308 
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disc feeders, 287,289 
disinfection, 120-132 
AOT, 129-31 
aquaculture, 120 

chemical agents and non-chemical agents, 120 

Chick’s law, 121 

chlorine, 131-2 

degree of removal, 121 

description, 120 

dose-response curve, 122 

ground filtration, 132 

heat treatment, 131 

membrane filtration, 121,132 

oxidizing potential, 121 

ozone {see ozone (O^) disinfection) 

pH change, 132 

photozone, 131 

RAS, 120 

ultraviolet light (see ultraviolet light (UV) 
disinfection) 

UV light and ozone, aquaculture, 121 
Watson’s law, 121-2 

disinfection barriers, production rooms, 383 
dissolved air flotation (DAF) 
design, plant, 93-5 
Henry-Dalton law, 81 
retention time, 82 

dissolved organic matter (DOM), 40-41 
ditches, pipes, 14-15 

DOM see dissolved organic matter (DOM) 
drainable/non-drainable ponds, 242-3 
drains/drainage 

closed production units, 235-7 
dual drain tanks, 63,64,237 
ponds, 242-3,245-7 
dual drain tanks, 237 
particles, 63 

EBPR see enhanced biological phosphorus removal 
(EBPR) 

echo sounding, biomass estimation, 351-2 
ecosystem, ponds, 239 
effluent, water quality, 33-5 
egg storage/hatching, 216-23 
artificial substrate, 220-221 
bottom-lying eggs, 219-23 
combination units, 223 
hatching cabinets, 221-3 
hatching cylinders, 221-3 
hatching troughs, 219-20 
incubators, 217-18 

intensive/extensive production units, 216-17 
pelagic eggs, 217-19 
water flow, 218 
ejector pumps, 309-12 


electrostatic/sterically stabilized particles, 77 

embankment ponds, 241-3 

energy 

content, waste, 38-9 
loss, water transport, 16-18 
pumps, 22-3 

requirement, heating, 134—5 
enhanced biological phosphorus removal (EBPR), 41 
environmental factors 
buildings, 364-6 
sea cages, 251-9 
environmental forces 

mooring systems, 280-283 
sea cages, 274-80 

environmental impact, production units, 215 
equilibrium 
aeration, 157-8 
oxygenation, 166 
escaped fish, water quality, 34 
evaluation 

aeration, 160-161 
afterevaluation, 402 
oxygen/oxygenation, 168-9 
planning, 399 
excavated ponds, 241-3 
extensive/intensive production units, 210-213 

facilities, aquaculture see aquaculture, facilities 
faeces, particles, 33,34,51 
feed blowers, 287,288 
feed dispensers, 287,289 
feeding equipment 
feed handling, 384 
land-based farms, 4 
sea cages, 4 

feeding systems, 286-98 
automatic feeders, 289-93 
automation, 286 
cell wheel, 290,291 
central, 294-5 
control units, 292,293 
conveyor belt feeders, 287,289 
demand feeders, 287-9 
disc feeders, 287,289 
distribution mechanisms, 290-291 
dynamic, 296-7 
electric current, 292-3 
feed blowers, 287,288 
feed control, 295-6 
feed control systems, 296 
feed dispensers, 287,289 
feed hopper, 291 
feeding robots, 295 
requirements, 286-7 
screws, 290 
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sea cages, 389 
selection, 286 
spreading of feed, 291-2 
types, 287-95 
vibrators, 291 

feed storage, production rooms, 383 
fermentation and biogas production, 

117-18 

filters 

ammonia removal, 181-7 

back-flushing, 52-5 

bead, 185 

biofilters, 181-6 

depth filtration, 55-8 

diatomite (DE), 57-8 

efficiency, 62-3 

examples, 186 

fuller’s earth, 57 

granular, 185 

granular medium, 55-8 

hydraulic loads, 62 

hydrocyclones, 59-60 

integrated treatment systems, 60-61 

management, 185-6 

mechanical, 52-5 

media, biofilters, 183 

mesh sizes, 55 

nitrification, 180-185 

particles, 51-9 

purification efficiency, 62-3 

settling/gravitation, 58-60 

swirl separators, 59-60 

vacuuming, 52-5 

fish counting, instrumentation, 349-50 
fish cradles, size grading, 316-18 
fish density, re-use, 192-3 
fish feeding department, production rooms, 380 
fish metabolism 
carbohydrate, 38 
description, 37 
divisions, 37 
energy budget, 38-9 
excretion products, 37 
fat, 38 

metabolic end products, 37,38 
phosphorus, 38 
protein, 37,38 
fish screws, 312,313 
fish size, instrumentation, 350-352 
fittings 

head loss, 18-19 
pipes, 12 

fixing point, mooring systems, 269-70 
flat outlets, water outlet, 235-7 
floors, buildings, 363 


flotation plant 

chemical pretreatment, 93 
DAF, 93 

low-density materials removal, 92 
flow pattern 

closed production units, 231-2 
heat exchangers, 144 

flow-through system, ammonia removal, 182-3 
fluid bed/active sludge, ammonia removal, 
184-5 

foam 

breakers, 85 

bubble size distribution, 84 
description, 83 

fractionation (see protein skimming) 
stability, 84-5 
surfactant layers, 83,84 
wet and dry, 83 

food to microorganism (F/M) ratio, 205 
forces calculations, sea cages, 274-80 
fouling 

air bubbling, 108 
antifouling chemicals, 107-8 
biofouling, 107 
groups, 107 

hydraulical back-flushing, 107 
periodic pulsing, 107 
quartz glass pipes, 124 
silt density index (SDl), 108 
surface and pore fouling, 107 
frameworks, sea cages, 259-61 
freshwater/salt water, production units, 214-15 
fry production ponds, 240-241 
fuller’s earth, filters, 57 
function test, planning, 399,402 
future trends, 5-6 

gas bubble, 80 

gas concentrations, water quality, 33 
gases in water, 155-7 see also aeration; oxygen/ 
oxygenation 
TGP, 342-3 
gas/oil burners, 137-8 
grading boxes, size grading, 318 
grading grids, size grading, 319,320,326 
grading machines (graders), size grading, 
319-25 

granular filters, ammonia removal, 185 
granular medium filters, 55-8 
gravitation/settling filters, 58-60 
gravity aerators, 161-4 
ground conditions, buildings, 362-3 
ground filtration, 132 
groundwater, water inlet, 373-4 
growth, size grading, 300-301 
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Hagen-Poiseuille equation, 110 
harvesting fish, size grading, 304 
hatcheries 

land-based, 367-85 
production rooms, 378-80 
hatching cabinets, egg storage/hatching, 221-3 
hatching cylinders, egg storage/hatching, 221-3 
hatching troughs, egg storage/hatching, 219-20 
head loss 

monitoring, 346-7 
water transport, 16-19 
heat exchangers 
cooling, 138,153-4 
flow pattern, 144 
fouling, 145 
heat transfer, 138-9 
materials, 144-5 
NTU, 140 
pipes, 143-4 
plate exchangers, 141-3 
several-stroke exchangers, 141-3 
shell and tube exchangers, 143 
size, 140-141 

specific pressure drop, 140-141 
types, 143-4 
heat pumps, 146-9 
coefficient of performance, 148 
construction, 146-7 
function, 146-7 
installation, 148-9 

log pressure-enthalpy (p-H) diagram, 147-8 
maintenance, 149 
management, 149 
reasons, 146 
heating, 134-53 

coefficient of performance (COP), 148-52, 
154 

composite heating systems, 149-53 

energy requirement, 134-5 

heaters, 136-8 

heat exchangers, 138-46 

heat pumps, 146-9 

immersion heaters, 136-7 

methods, 135-6 

oil/gas burners, 137-8 

reasons, 134 

Henry’s law, oxygenation, 166 
heterotrophic bacteria, 205-6 
high-pressure pumps, 29 
horizontal transport, 314-15 
hydrocyclones, filters, 59-60 
hydrophilic molecules, 68-9 
hydrophobic molecules, 68-70 
hydroxides, pH adjustment, 47-8 


ice, sea cages, 259 
immersion heaters, 136-7 
impellers, pumps, 28-9 
importance, aquaculture engineering, 5-6 
impurities, water 
classification, 39 
organic matter, 40 
size, 40 

volatile suspended solids (VSS),40 
IMTA see integrated multitropic aquaculture (IMTA) 
incubators, egg storage/hatching, 217-18 
infectious pancreatic necrosis (IPN), 38 
injection systems, oxygenation, 166-72 
Inka aerators, 164,165 
inset layout ponds, 246,247 
instrumentation, 339-56 see also monitoring 
automation, 339 
biomass estimation, 350-352 
components, 340 
conductivity, 342 
construction, 340 
fish counting, 349-50 
fish size, 350-352 
head loss, 346-7 
live fish transport, 332,334 
nitrogen saturation, 342-3 
oxygen content, 341-2 
pH, 342 

physical conditions measuring, 344-9 
salinity, 342 
saturometer, 342-3 
temperature, 341 
TOP, 342-3 
water flow, 344-7 
water level, 347-9 
water pressure, 347 
water quality, 340-344 
insulation, buildings, 362 
integrated aquaculture 
definition, 203 

multitropic {see integrated multitropic aquaculture 
(IMTA)) 

integrated multitropic aquaculture (IMTA), 203,204 
integrated treatment systems, particles, 60-61 
intensive/extensive production units, 210-213 
egg storage/hatching, 216-17 
interactions, water quality, 33 
internal transport, 4,299-316 see also size grading 
crowding, 305-7 
dip nets, 305,308 
equipment, 305-16 
external energy, 305 
fish handling, 299-305,384-5,397 
horizontal transport, 314-15,384-5 
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methods, 305-16 
negative effects, 304-5 
pipes, 314-15 
planning, 397 
pumps, 305-11 
reasons, 299-300,384 
transport tanks, 313-14 
vertical transport, 305-14,384-5,386 
voluntary movement, 315-17,385,386 
ion exchangers, ammonia removal, 187-8 
IPN see infectious pancreatic necrosis (IPN) 

jointing, pipes, 12-13 

juvenile production, aquaculture facilities, 367-85 

Kozeny-Carman equation, 110 

lakes, water inlet, 368-70 
land-based aquaculture facilities, 367-85 
land-based farms 
components, 2-4 
site selection, 395 
land transport, live fish, 329-30 
layout 

planning, 397-8,400-401 
ponds, 246,247 
legal issues, sea cages, 251 
levee ponds, 241-3 
level graders, size grading, 324,325 
lighting systems, sea cages, 389 
lime 

pH adjustment, 45-7 
live fish transport, 328-38 
additives, 337 
air transport, 335-6 
bags/cans, 336 
changing water, 331 
cleaning, 329,336-7 
density, fish, 330,333-4 
instrumentation, 332,334 
land transport, 329-32 
oxygen/oxygenation, 330-331 
preparation, 328-9 
sea transport, 332-5 
stopping procedures, 332 
tanks, 329-30 
vehicles, 329 
well boats, 332,333 

load-carrying systems, buildings, 359-361 
lye, pH adjustment, 47-8 

materials 
buildings, 359-62 
closed production units, 229-31 


heat exchangers, 144-5 
net bags, 262-3 
pipes, 7-9 
sea cages, 260,261 

MBR see membrane bioreactor (MBR) 
membrane bioreactor (MBR) 
back-wash water, drum filters, 112 
bacterial and viral reduction, 112 
description, 99 
principle, 100 

membrane filtration, 99-112 
advantages and disadvantages, 99 
aquaculture, 112 
automation, 108 
construction/morphology, 105-6 
description, 99 

design and dimensioning, plants, 108-12 
filter classification, 101-3 
flow, 106 

flow pattern, 103-4 
fouling, 107-8 
impurities separation, 100 
macrofiltration, 100 
materials, 106-7 

MBR {see membrane bioreactor (MBR)) 
module, 101 

PDMS plant components, 101 
permeate/product, 100 
shape/geometry, 104-5 
TMP {see transmembrane pressure (TMP)) 
mesh sizes, filters, 55 
metabolic energy, 39 
metal ions, pH, 33,44 
microfiltration (MF), 101-2 
microorganisms, water quality, 33-5 
microscreens, particles, 52-5 
monitoring, 339-56 see also instrumentation 
ammonia, 343-4 
carbon dioxide, 343-4 
components, 352-3 
conductivity, 342 
control, 355 
head loss, 346-7 
land-based farms, 4 
maintenance, 355 
nitrate, 343-4 
nitrogen saturation, 342-3 
oxygen content, 341-2 
pH, 342 

physical conditions, 344-9 
PLC, 353-4 

regulation equipment, 355 
salinity, 342 
sensors, 352-4 
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monitoring {cant’d) 
systems, 352-5 
temperature, 341 
TGP, 342-3 

warning equipment, 354—5 
water flow, 344-7 
water level, 347-9 
water pressure, 347 
water quality, 340-344 
water velocity, 344—7 
monoculture, 203 

Moody diagram, water transport, 17 
mooring, pipes, 13-14 
mooring systems 
anchors, 272-4 
buoys, 271-2 
calculations, 280-283 
components, 266-9 
control, 283 
design, 267-9 

environmental forces, 280-283 
fixing point, 269-70 
mooring lines, 270-271,281-3 
sea cages, 266-74 
size, 280-283 
types, 267-9 

nanofiltration (NF), 101-2 
natural organic matter (NOM), 40 
negative effects, handling fish, 304-5 
net bags 

materials, 262-3 
sea cages, 262-3,387-9,391-2 
net handling, sea cages, 391-2 
net positive suction head (NPSH), pumps, 21-2,27 
NFF see normal flow filtration (NFF) 
nitrate, monitoring, 343-4 
nitrification 

ammonia removal, 180-185 
filters, 181-5 

Nitrobacter bacteria, ammonia removal, 180-181 
nitrogen saturation, monitoring, 342-3 
Nitrosomonas bacteria, ammonia removal, 180-181 
normal flow filtration (NFF), 103 
NPSH, see net positive suction head (NPSH) 
number of transfer units (NTU), heat exchangers, 140 
nutrient loop closure, 201 
nutrients, water quality, 34 

ocean sea cages, 264-6 
oceanic current, 258 
oil/gas burners, 137-8 
on-growing production, 385-93 
ponds, 240-241 
production rooms, 381 


ORP see oxidation-reduction potential (ORP) 
oxidation-reduction potential (ORP), 129-30 
oxidizing 

ammonia removal, 179,180 
oxygen/oxygenation, 165-77 see also aeration 
airlift pumps, 330-331 
Bunsen coefficient, 157,177 
compressed oxygen gas, 173 
diffusers, 169 
equilibrium, 166 
evaluation, 168-9 
examples, 169-72 
gas transfer, 166 
Henry’s law, 166 

increasing equilibrium concentration, 166 
injection systems, 166-72 
liquid oxygen (LOX), 173-5 
live fish transport, 330-331 
monitoring oxygen content, 341-2 
on-site oxygen production, 175,176 
oxygen cones, 169-71 
oxygen gas characteristics, 172 
oxygen sources, 172-7 
oxygen wells, 171-2 
packed column, 169,170 
principles, 166-7 
PSA, 175 
purpose, 155 
saturation, 155-7 
sea cages, 172 
solubility, 177 
sources, 172-7 
supply, 330-331 
systems, 166-72 
theory, 166 
water quality, 33 
ozone (O3) disinfection 

content measurement, 128-9 
design specification, 126-7 
dose, 127 
function, 125,126 
mode of action, 125 
toxicity, 127,128 

packed column aerators, 162,163,166 
packed column oxygenation, 169,170 
paddle wheel aerators, 164,165 
parallel layout ponds, 246,247 
particles 

characterization of the water, 51 
definitions, 50-51 
dual drain tanks, 63^ 
faeces, 33,34,51 
filters, 52-60 

integrated treatment systems, 60-61 
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local ecological solutions, 64 

microscreens, 52-5 

removal, 50-65 

removal methods, 51-61 

screens, 52-5 

TS, 50 

TSS, 50 

water quality, 33-5 
wave calculations, 251-3 
particulate organic matter (POM), 40 
pathogens, water quality, 33-5 
PDMS see pressure-driven membrane separation 
(PDMS) 

pelagic eggs, egg storage/hatching, 217-19 
pH 

adjustment, 45 
adjustment examples, 45-8 
aluminium, 44 
ammonia removal, 179-80 
definitions, 43-4 
hydroxides, 47-8 
lime, 45-7 
low, 44 
lye, 47-8 
metal ions, 33,44 
monitoring, 342 
problems, 44 
sea water, 47 
sodium hydroxide, 47-8 
water quality, 33 
water sources, 44-5 
phosphorus removal 

biological separation, 41-2 
chemical separation, 41 
physical separation, 41 
principles, 41 

photoautotrophic organisms, 204-5 
photozone disinfection, 131 
physical conditions, monitoring, 344-9 
physical separation, dissolved phosphorus, 41 
pipes 

classification, 10-11 
connections, 12-13 
ditches, 14-15 
fittings, 12 
head loss, 16-19 
heat exchangers, 143-4 
internal transport, 314—15 
jointing, 12-13 
materials, 7-9 
mooring, 13-14 
pressure class, 9-10 
production rooms, 381-3 
transfer pipeline, 376-7 
vacuum, 9-10 


valves, 11-12 
water flow, 15-16 
water hammer, 9 
water inlet, 376-7 
water transport, 7-15 
planning 

afterevaluation, 402 
alternatives, 397-8,399-401 
analyses, 397-9 
aquaculture facilities, 394-402 
connections, 397-8,399 
detailed, 399 
evaluation, 399 
function test, 399,402 
internal transport, 397 
layout, 397-8,400-401 
process, 394-5 
production plan, 395-7 
room programme, 397 
site selection, 395 
size grading, 397 
plastic sea cages, 264 
polyculture, 203,205 

polyphosphate-accumulating organisms (PAOs), 41 
POM see particulate organic matter (POM) 
ponds, 239-47 
aeration, 244 
construction, 241-3 
drainable/non-drainable, 242-3 
drainage, 245-7 
ecosystem, 239 
embankment, 241-3 
excavated, 241-3 
fry production, 240-241 
inset layout, 246,247 
layout, 246,247 
levee, 241-3 

on-growing production, 240-241 
parallel layout, 246,247 

production units, 210-211,213-14,224-37,239-47 
radial layout, 246,247 
series layout, 246,247 
site selection, 243^ 
size, 243 
types, 241-3 
water inlet, 245 
water outlet, 245-7 
water supply, 244 
watershed, 241-3 
pressure class, pipes, 9 

pressure-driven membrane separation (PDMS) 
description, 100 
filter categories, 101 
permeate flux, 110 
plant components, 101 
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pressure, pumps, 28-9 

pressure swing adsorption (PSA), oxygen/oxygenation, 
175 

production control, size grading, 301-3 
production plan, 395-7 
production rooms, 378-83 
production systems, 201 

production units see also closed production units 
aims, 210 

classification, 210-215 

closed, 211-13,224-37 

closed sea cages, 211-13,224-37 

design, 210-214 

environmental impact, 215 

freshwater/salt water, 214-15 

fully controlled/semi-controlled, 213 

intensive/extensive, 210-213 

land-based farms, 4 

ponds, 210-213,224-37,239-47 

raceways, 210-213,224-37 

sea cages, 211-15 

tanks, 211-13,224-37 

tidal basin, 211-14 

water density, 214—15 

programmable logic controller (PLC), monitoring, 
353-4 

propeller aerators, 164,165 
propeller pumps, 24 
protein skimmers and flotation plants 
bubble fractionation, 89-90 
design and operation, DAF, 93-5 
dimensioning, 92 
factors, efficiency, 87-9 
flotation plant, 92-3 
inlet/effluent aquaculture, 86-7 
ozone, 89 

principles and design, 90-92 
protein skimming 

ABS (see adsorptive bubble separation (ABS)) 
attachment and removal mechanisms 
bubbles, 71 

collision, particle and rising bubble, 72-3 
colloid and particle removal rate, 73-8 
DAF, 71 
diffusion, 71 

surface-active substances, 78-80 
bubble column, aquaculture, 85-6 
bubbles (see bubbles) 
definition, 66 
foam (see foam) 
gas concentration, water, 85 

protein skimmers and flotation plants (see protein 
skimmers and flotation plants) 
surface tension, cohesion and adhesion, 68-70 
surfactants, 70-71 


pumping stations, water inlet, 374—6 
pumps 

airlift, 311-13,330-331 
cavitation, 21 

centrifugal, 23-8,306-7,309 
characteristics curves, 26-7 
connections, 28-9 
costs, 23 

definitions, 19-22 

ejector, 309-12 

energy, 22-3 

fish screws, 312,313 

high-pressure, 29 

impellers, 28-9 

internal transport, 305-11 

NPSH, 21-2,27 

performance, 26-8 

pressure, 28-9 

propeller, 24 

pump height, 19-21 

regulation, water flow, 29-31 

re-use, 191,197-200 

RPM, 30 

throttling, 31 

types, 19-20 

vacuum-pressure, 309,310 
water flow, 28-31 
water inlet, 374-6 
water transport, 19-31 
working point, 27-8 
purification efficiency 
filters, 62-3 
re-use, 193 

raceways 

production units, 210-213,224—37 
size grading, 325 

tidal basin, production units, 210-214 
radial layout ponds, 246,247 
RAS see recirculating aquaculture systems (RAS) 
recirculating aquaculture systems (RAS), 99,112 
recovery, 111 
re-use, 190-200 
advantages, 190-191 
centralized, 198-9 
components, 196-7 
construction, systems, 193-6 
definitions, 191-3 
degree of, 191-2,195-6 
density, fish, 192-3 
design, systems, 197-200 
disadvantages, 191 
effectiveness, 195-6 
mass flow, 193 
pumps, 191,197-200 
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purification efficiency, 193 
theoretical models, 193-6 
waste handling, 194-5 
water, live fish transport, 336-7 
water flow, 192-6 
water requirements, 193-4 
re-use, water, 201-2 
reverse osmosis (RO), 101-2 
Reynolds number, water transport, 17 
river, water inlet, 370-373 
roller graders, size grading, 321,322 
room programme, planning, 397 
rotating biofilter (biodrum), ammonia removal, 
183-4 

RPM, pumps, 30 

salinity, monitoring, 342 

salt water/freshwater, production units, 215 

saturation, aeration/oxygenation, 155-7 

saturometer, instrumentation, 342-3 

screens, particles, 52-5 

screws 

feeding systems, 290 
fish screws, internal transport, 312,313 
SDI see silt density index (SDI) 
sea cages, 4-5,249-85 
base station, 5,390-391 
boats, 392-3 
breakwaters, 263-4 
cage collars, 259-60,261 
classification, 249 
components, 249-50 
conditions, 250 
construction, 259-66 
current, 257-9,274-80 
environmental factors, 251-9 
environmental forces, 274-80 
examples, 264-6 
feeding systems, 389 
forces calculations, 274-80 
frameworks, 259-60,261 
ice, 259 

legal issues, 251 
lighting systems, 389 
materials, 260,261 
mooring systems, 266-9 
net bags, 262-3,387-9,391-2 
net handling, 391-2 
ocean,264-6 

on-growing production, 385-93 
plastic, 264 

production units, 145-9 
site selection, 250-251,387,395 
steel, 264,265 
water quality, 250-251 


waves, 251-7,274-80 
wind,274-80 
sea transport 

density, fish, 333-4 
instrumentation, 334 
live fish transport, 332-5 
well boats, 332,333 
sea, water inlet, 370,371 
sea water, pH adjustment, 47 
self-cleaning, closed production units, 
231-2 

self-grading, size grading, 326 
semi-intensive aquaculture, 2 
sensors, monitoring, 352-4 
separation technology 
categories, 39 
chemicals, 39 
description, 39 
disinfection, 39 
impurities, 39-41 
phosphorus removal, 41-2 
series layout ponds, 246,247 
settling/gravitation filters, 58-60 
silt density index (SDI), 108 
site selection 

land-based farms, 395 
planning, 395 
ponds, 243-4 
sea cages, 250-51,387,395 
size grading, 326 
band graders, 322-5 
bar graders, 319-21 
belt graders, 321-3 
energy supply, 316-26 
equipment, 316-26 
fish cradles, 316-18 
grading boxes, 318 
grading grids, 319,320,326 
grading machines (graders), 319-25 
growth, 300-301 
harvesting fish, 304 
land-based farms, 4 
level graders, 324,325 
manual, 316 
methods, 316-26 
planning, 397 
production control, 301-3 
raceways, 325 
reasons, 300-304 
roller graders, 321,322 
sea cages, 5,325 
self-grading, 326 
tilt graders, 318-19 
voluntary grading, 326 
in water, 325-6 
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sludge, 114-18 

composting (see aerobic decomposition) 
dewatering, 114-15 

fermentation and biogas production (see anaerobic 
decomposition) 
lime addition, 118 
stabilization, 115 
utilization, 118 

sludge volume index (SVI), 206 

sodium hydroxide, pH adjustment, 47-8 

stabilization, sludge, 115 

steel sea cages, 264,265 

steric stabilization, 74,77 

stopping procedures, live fish transport, 332 

subsurface aerators, 161,165 

superficial velocity, 92 

surface aerators, 161,165 

surface energy 

teflon and mercury, 68 
water, 68,70 
surfactants 

concentration, 71 

critical micelle concentration (CMC), 71 
definition, 70 

hydrophobic molecules, 70 
surfactant-particle combination, 80 
Sverdrup-Munk-Bretsneider (SMB) method, waves, 
255-6 

SVI see sludge volume index (SVI) 

swell, waves, 257 

swirl separators, filters, 59-60 

tanks, 224-37 
dead fish, 390 
design, 228-31 
dual drain, 63-4,237 
internal transport, 313-14 
live fish transport, 329-30 
production units, 211-13,224-38 
transport, 313-14 
temperature, monitoring, 341 
throttling, pumps, 31 
tidal current, 258 
tilt graders, size grading, 318-19 
TMP see transmembrane pressure (TMP) 
total gas pressure (TGP), monitoring, 342-3 
total solids (TS), particles, 50 
total suspended solids (TSS) 
definition, 40 
particles, 50 

tower outlets, water outlet, 235-7 
transfer pipeline, water inlet, 376-7 
transmembrane pressure (TMP) 
definition, 100 


trends, future, 5-6 
triple way valves, pipes, 12 

ultrafiltration (UF), 101-2 
ultraviolet light (UV) disinfection 
design, 123-4 
dose, 125 
function, 122 
mode of action, 122-3 
particles, problem, 125 
specification, design, 124 

vacuum, pipes, 9-10 
vacuum-pressure pumps, 309,310 
vacuuming, screens, 52-5 
valves, pipes, 11-12 
velocity, water, monitoring, 344-7 
velocity profile, closed production units, 

231-2 

ventilation, buildings, 364-6 
video cameras, fish size, 350-352 
volatile suspended solids (VSS), 40 
voluntary grading, size grading, 326 
voluntary movement, internal transport, 315-17,385, 
386 

walls, buildings, 363-4 
waste handling 
land-based farms, 4 
re-use, 194-5 

water density, production units, 214—15 
water flow 

closed production units, 231-2 
egg storage/hatching, 218 
monitoring, 344-7 
pumps, 28-31 
re-use, 193-6 
water transport, 15-16 
water hammer, pipes, 9 
water inlet 

aquaculture facilities, 368-74 
cleaning, 377 

closed production units, 233-4 
groundwater, 373-4 
lakes, 368-70 
land-based farms, 2-4 
pipes, 376-7 
ponds, 245 

production rooms, 381-2 

pumping stations, 374-6 

pumps, 374-6 

river, 370-373 

sea, 370,371 

transfer pipeline, 376-7 
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water quality, 32-3 
wells, 373^ 

water intake/transfer, design, 367-8 
water level, monitoring, 347-9 
water outlet 

closed production units, 235-7 
flat outlets, 235-7 
ponds, 245-7 
production rooms, 382-3 
tower outlets, 235-7 
treatment, 383-4 
water quality, 33-5 
water pressure, monitoring, 347 
water quality, 32-6 
ammonia, 33 
effluent, 33-5 
escaped fish, 34 
gas concentrations, 33 
inlet water, 32-3 
instrumentation, 340-344 
interactions, 33 
microorganisms, 33-5 
monitoring, 340-344 
nutrients, 34 
outlet water, 33-5 
oxygen,33 
particles, 33-5 
pathogens, 33-5 
pH, 33 

sea cages, 250-251 
water supply 
ponds, 244 

production rooms, 381-2 


water transport, 7-31 
energy loss, 16-18 
head loss, 16-19 
pipes, 7-15 
pumps, 19-31 
water flow, 15-16 
water treatment, 35-6,377-8 
land-based farms, 2-3 
production rooms, 383 
water treatment process 

separation technology (see separation 
technology) 

water velocity, monitoring, 344—7 
watershed ponds, 241-3 
Watson’s law, 121-2 
waves 

breaking, 253-4 
calculations, 251-3,279-80 
creating, 254-7 
diffraction, 253-4 
reflecting, 253-4 
sea cages, 251-7,274-80 
SMB method, 255-6 
swell, 257 
terminology, 251 
wind, 254-7 

wells, water inlet, 373-4 
wind 

calculations, 280 
current, 258 
sea cages, 274-80 
waves, 254—7 

working point, pumps, 27-8 



